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ABSTRACT
Among global coastal regions, the Northern California Current System (N-CCS) is already
experiencing effects from ocean acidification and hypoxia during the summer, primarily due to
the region’s seasonal upwelling, current systems, and high productivity. Oxygen, pH, and
temperature conditions are expected to become more stressful with continued fossil fuel
emissions under global climate change, posing a serious threat to the region’s fisheries. N-CCS
fishing communities rely heavily on the economically and culturally important Dungeness crab
(Metacarcinus magister). The fishery is currently sustainably managed, but potential negative
impacts from changing ocean conditions on Dungeness crab life stages and populations could
have adverse effects for the fishery and the communities that rely on it. To quantify the
vulnerability of Dungeness crab life stages and populations to predicted future conditions, both
model projections and empirical experiments need to be employed. A semi-quantitative, life
stage-specific framework was adapted here to assess the vulnerability of Dungeness crab to low
pH, low dissolved oxygen, and high temperature under present and future projected conditions in
the seasonally dynamic N-CCS. This was achieved using a combination of regional ocean
models, species distribution maps, larval transport models, a population matrix model, and a
literature review. This multi-faceted approach revealed that crab vulnerability to the three
climate stressors will increase in the future (year 2100) under the most intense emissions
scenario, with vulnerability to low oxygen being the most severe to the N-CCS population
overall. Increases in vulnerability were largely driven by the adult life stage, which contributes
the most to population growth. Empirical experiments demonstrated that adult crab respiration
rates increase exponentially with temperature, potentially making this life stage more susceptible
to hypoxia in the future. Together, this work provides novel insights into the effects of changing
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ocean conditions on Dungeness crab populations, which may help inform fishery management
strategies.
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INTRODUCTION
The ocean’s physical, chemical, and biological processes are undergoing measurable changes
due to anthropogenic activities (Gruber 2011, Hoegh-Guldberg et al. 2014). Carbon dioxide
(CO2) emissions into the atmosphere and coastal nutrient inputs are the major drivers of ocean
acidification and hypoxia (Chan et al. 2016, Feely et al. 2018). The increasing uptake of CO2 by
the ocean alters seawater chemistry, lowering the pH and saturation states of aragonite and
calcite (polymorphs of calcium carbonate; Rhein et al. 2013, Feely et al. 2018). Increasing
atmospheric CO2 also causes global ocean warming, which decreases the ocean’s solubility for
O2 and enhances stratification, resulting in ocean deoxygenation (Keeling et al. 2010). In
addition to global trends of ocean acidification and deoxygenation, CO2 and O2 conditions in
coastal systems are affected by coastal biogeochemical dynamics (Feely et al. 2010). Nutrient
inputs to coastal systems lead to enhanced primary production and large fluxes of organic matter
to the benthos where remineralization consumes the available oxygen (Peterson et al. 2013).
When low oxygen (hypoxic) conditions are triggered by remineralization, CO2 is produced as a
by-product, lowering the local pH (Chan et al. 2016, Feely et al. 2018). Therefore, areas that
suffer from hypoxia also have an enhanced risk of exposure to low pH conditions.
Climate change driven environmental changes are considered stressors because they pose
increasing threats to the fitness of marine species (Schulte 2014), our understanding of which is
still developing. In the future, the challenges to species and ecosystems presented by
acidification, hypoxia, and warming will continue depending on the choices we make as a
society. While these stressors operate globally, their onset, occurrence, and intensities vary
regionally. Eastern boundary upwelling systems, such as the Northern California Current System

1

(N-CCS), have been identified as hotspots for change because of their heightened vulnerability to
ocean acidification and hypoxia (Gruber 2011, Hoegh-Guldberg et al. 2014, Chan et al. 2016,
Feely et al. 2018).
The N-CCS is especially vulnerable to hypoxia and acidification during seasonal spring and
summer upwelling because the upwelled source waters have been isolated from the surface for
decades (Peterson et al. 2013, Chan et al. 2016, Reum et al. 2016). Therefore, the extensive
remineralization occurring in these waters over the 30 to 50 year transport across the Pacific
Ocean causes the O2 depletion and CO2 burden to be particularly high (Reum et al. 2016). The
multi-decadal timescale of these physical and biogeochemical processes suggest that hypoxia
and acidification will become increasingly severe over time in the future, which is corroborated
by regional projections (Siedlecki et al. 2020). Specifically, regional projections for the end of
the century under the highest IPCC CO2 emissions scenario (RCP 8.5) predict that hypoxic
conditions will occur over a longer period of the summer (see Fig. 2.5) and that low pH
conditions will emerge year-round (Siedlecki et al. 2020).
Effects of ocean acidification and hypoxia have already been observed across the N-CCS (Feely
et al. 2008, Hales et al. 2016, Siedlecki et al. 2015, Feely et al. 2018). Despite large spatial and
temporal variability in pH and O2 concentrations created by the interplay of physical and
biogeochemical processes, present-day levels have already moved outside of simulated preindustrial variability (Hauri et al. 2013b). An analysis of oxygen concentration data in the NCCS from 1998 to 2012 (Peterson et al. 2013) showed that regions of hypoxia typically occurred
along the Washington and Oregon coasts and were most severe over the wide areas of the
continental shelf where reduced current velocities cause retention of water masses. Siedlecki et
al. (2015) identified several regions that repeatedly experience hypoxia and identified local
2

respiration of organic matter in the water column and the sediments as the primary driver in these
regions where, in some cases, increased retention time is also observed.
Ocean acidification and hypoxia in the N-CCS have already surpassed key biological thresholds
for the region’s ecologically and economically important species and impacts have already been
observed for some. For instance, a severe loss of oyster hatchery seed stock in 2007 was linked
to acidification (Barton et al. 2015, Waldbusser et al. 2015, Chan et al. 2016). Pteropods, which
are an important prey source for many N-CCS fisheries, are also already being impacted by
acidification. In some areas, 50% of pteropods are exhibiting severe shell dissolution,
corresponding with strong vertical gradients in aragonite saturation (Bednaršek et al. 2014, Chan
et al. 2016). Carapace dissolution has also recently been observed in Dungeness crab megalopae
exposed to strong vertical gradients in calcite saturation (Bednaršek et al. 2020).
Impacts of hypoxia have also been observed in the N-CCS. In 2002, severe inner-shelf hypoxia
in Oregon resulted in mass die-offs of fish and invertebrates (Grantham et al. 2004). Data from
the commercial Dungeness crab fishery revealed that mortality was greater than 75% in crab pots
during this event compared with the usual 0%. Moreover, divers reported unusually large
aggregates of fish in shallow waters, which is consistent with organisms seeking oxygen refugia
in atypical waters. This unprecedented event was attributed to an anomalous invasion of nutrientrich, subarctic water into the California Current upwelling system followed by further depletion
of oxygen by respiration (Grantham et al. 2004). A similar event occurred in 2006, with severe
inner-shelf hypoxia accompanied by the emergence of anoxia along the central Oregon coast.
Surveys during this event revealed the near-complete mortality of benthic invertebrates (Chan et
al. 2008).
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To predict the vulnerability of species to changing ocean conditions, laboratory-based threshold
experiments on individual life stages must be scaled to the population level. This can be achieved
using vulnerability assessments that synthesize quantitative and qualitative information from
multiple sources and put them into a larger, more relevant ecological context using semiquantitative scoring (e.g., De Lange et al. 2010, Stortini et al. 2015, Hodgson et al. 2016). Semiquantitative methods are widely used in vulnerability and risk assessment frameworks because
they allow for quick scoring and comparison across species, systems, or threats that can be used
to prioritize conservation and management strategies and explore mechanisms of species
responses (Hobday et al. 2011, 2015, Allyn et al. 2020).
Here, I present two research chapters that use a suite of tools, including vulnerability assessment,
to increase our understanding of climate change impacts for Dungeness crab (Metacarcinus
magister, formerly Cancer magister) life stages and populations in the N-CCS. Dungeness crab
is an economically and culturally important species that inhabits the west coast of North America
from the Pribilof Islands, Alaska, to Santa Barbara, California (Rasmuson 2013). This species
has a complex life cycle that begins with annual mating between recently molted females and
post-molt males. The females extrude approximately 2 million eggs, which are carried on female
abdomens for approximately 4 months until they hatch into planktonic larvae (Wild 1980). The
larvae migrate off the continental shelf as they progress through five zoeal stages and one
megalopal stage over the course of 4 additional months (Poole 1966) at which point, the
megalopae return to the continental shelf or migrate into estuaries to settle and metamorphose
into juveniles (Fernandez et al. 1994). Juveniles reach sexual maturity after ~2 years and adult
males reach legal catch size (carapace width >15.9 cm) at ~4 years of age (Rasmuson 2013).
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Females are not harvested and have a natural life span of 8-10 years (Gutermuth & Armstrong
1989).
In Washington, Oregon, and California, the Dungeness crab fishery is managed using a 3-S
strategy that regulates catch based on size, sex, and season (Froehlich et al. 2017). The season is
set to avoid fishing during crab molting and is generally open from December to September in
the N-CCS. However, the opening of the fishery is delayed if the average percent of meat to
body weight from test fisheries is low (<25% in the N-CCS; Rasmuson 2013). Pre-season
abundance of legal-sized males has been stable over time despite high rates of exploitation and
large interannual fluctuations in catch (Richerson et al. 2020). Fluctuations are thought to be
driven by the effects of oceanographic conditions on larval recruitment (Rasmuson 2013)
because the majority of legal-sized males are harvested each season (Richerson et al. 2020).
Thus, it is necessary to understand how all Dungeness life stages will be impacted by climate
stressors in order to make predictions of future population-level vulnerability that can inform
fishery management decision-making.
In the first chapter of this thesis, I use a life stage-specific assessment framework to estimate the
population-level vulnerability of N-CCS Dungeness crabs to low pH, low oxygen, and high
temperature under present and future conditions projected by a regional ocean model. In the
second chapter, I use adult crab respirometry measurements to quantify a metabolic temperaturescaling relationship and parameterize a box model for oxygen consumption within a fishery pot
under various scenarios. The results from both chapters are compared to prior work and used to
discuss implications for multi-stressor experimentation and fishery management.
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CHAPTER 1
Assessing the vulnerability of species with complex life cycles to changing ocean conditions in
seasonally dynamic habitats: Dungeness crab (Metacarcinus magister) as a case study1

ABSTRACT
The Northern California Current System (N-CCS) presently experiences effects from ocean
acidification and hypoxia most strongly during the summer upwelling season. Conditions are
expected to worsen under future climate change, threatening economically and culturally
important marine resources of the region, including Dungeness crab (Metacarcinus magister).
Here, we used Dungeness crab as a case study species with a complex life cycle for estimating
vulnerability to future change in a seasonally dynamic habitat. Using regional ocean model
projections for present and future (year 2100 under RCP 8.5) conditions, we quantified
vulnerability (consequence × exposure) of benthic and pelagic life stages to low pH (<7.65), low
dissolved oxygen (DO, <1.4 mL/L), and high temperature (>15°C) by overlaying model
conditions with spatiotemporal species distribution maps and physical larval transport models.
Our results showed that vulnerability of the N-CCS Dungeness crab population to low pH, low
DO, and high temperature will increase in the future, but the severity of these effects depended
on seasonality and life stage. Future vulnerability to low DO was projected to be greatest in the

1

Manuscript in preparation:

Berger, H., Siedlecki, S., Matassa, C., Alin, S., Kaplan, I., Hodgson, E., Pilcher, D., Norton, E., & Newton, J. (in
prep) Assessing the vulnerability of species with complex life cycles to changing ocean conditions in seasonally
dynamic habitats: Dungeness crab (Metacarcinus magister) as a case study.
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summer, while vulnerability to low pH was projected to emerge year-round. Vulnerability of the
adult life stage, which is present year-round, may have the greatest impact on Dungeness
population growth. Although vulnerability of larval stages, which are present mostly during the
downwelling season, could act as a bottleneck, our larval transport modeling experiments
indicated that physical transport and behavior may reduce the vulnerability of pelagic life stages
to climate stressors. Our assessment specifically evaluated Dungeness crab, but our approach can
be adapted for many economically and ecologically important marine species that have complex
life cycles and live in seasonal habitats. Such assessments can inform conservation and
management strategies by identifying when and where populations are most vulnerable to the
impacts of a rapidly changing ocean.

INTRODUCTION
The ocean’s physical, chemical, and biological processes are undergoing measurable and
predictable changes due to human activities (Gruber 2011, Hoegh-Guldberg et al. 2014, IPCC
2019). Anthropogenic emission of carbon dioxide into the atmosphere is the major driver of
global ocean acidification (OA), deoxygenation, and warming (Gruber 2011). These stressors
and their interactions pose increasing threats to marine ecosystems (Hoegh-Guldberg et al. 2014,
Gattuso et al. 2018) and serve as additional challenges for sustainable fisheries management
(Hobday et al. 2018). To help inform management in a changing climate, especially for datapoor species (Pacifici et al. 2015), qualitative and semi-quantitative methods have been
developed to assess the vulnerability of systems and species to stressful conditions (Stortini et al.
2015, Hodgson et al. 2016, Jones & Cheung 2017, Crozier et al. 2019, Ocaña et al. 2019). In this
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context, vulnerability is defined as “the degree to which a system is susceptible to, or unable to
cope with, adverse effects” (McCarthy et al. 2001) and is often characterized or ranked according
to factors of consequence (or sensitivity), exposure, and adaptive capacity (Adger 2006, De
Lange et al. 2010).
Vulnerability assessment is a powerful tool for predicting the response of ecologically and
economically important species to environmental stressors before significant impacts occur by
integrating quantitative and qualitative information (Adger 2006, Hare et al. 2016, Spencer et al.
2019). They can help guide management through identification of vital life stages, stressor
hotspots, and refuge areas that should be monitored for population conservation (Williams et al.
2008, Hare et al. 2016). While results from vulnerability assessments cannot prescribe specific
management actions, they can be used to improve the rationality, effectiveness, and efficiency of
decision making (Halpern et al. 2009), especially when used alongside other techniques to
support Ecosystem-Based Management and climate change adaptation strategies (Metzger &
Schröter 2006, Williams et al. 2008, Small Lorenz et al. 2013, Ekstrom et al. 2015, Stortini et al.
2015, Hare et al. 2016). Species-specific vulnerability assessments can also be used to help
design multi-stressor experiments through identification of key life stages and stressor targets
(Hare et al. 2016). Although risk and vulnerability assessments have been criticized for only
producing relative rankings that lack spatial granularity and are difficult to validate (Allyn et al.
2020), recent work has improved the quantitative, spatial, and uncertainty aspects of these
methods (e.g., Stortini et al. 2015, Hodgson et al. 2016).
Recent population-level vulnerability assessments (Stortini et al. 2015, Hodgson et al. 2016)
highlight the importance of evaluating stressor consequence and exposure for individual life
stages before generating a weighted sum of vulnerability for the population. Marine organisms
8

often have complex life cycles that involve drastic morphological changes and occupancy of
diverse habitats. Each life stage may, therefore, experience stage-specific exposure to a given
stressor and/or display a unique response (consequence; Small-Lorenz et al. 2013, Hodgson et al.
2016). Larval stages are often reportedly more susceptible to environmental stressors than adults
(i.e., higher consequence from exposure; White et al. 2013, Waldbusser et al. 2015, Miller et al.
2016, Cross et al. 2019). Yet, the relative brevity and high baseline mortality of these life stages
(Rasmuson 2013) may lessen their relative contribution to overall population vulnerability once
adult longevity and fecundity are factored into models of population growth. Thus, estimation of
population-level vulnerability needs to account for both stage-specific vulnerability and the
relative contribution of each stage to population growth (Hodgson et al. 2016).
Dungeness crab (Metacarcinus magister) inhabit the California Current System (CCS) from
Vancouver Island, British Columbia, to Santa Barbara, California (Rasmuson 2013) and are an
economically and culturally important species for this region, with fishery landings valued up to
$250 million per year (PSMFC 2019). The fishery is currently considered to be sustainably
managed according to the 3-S (size, sex, season) strategy because yields are not decreasing over
time (Richerson et al. 2020). However, stability of the catch may be compromised by changing
ocean conditions (Froehlich et al. 2017), so management may need to consider these conditions
in the future.
Previous work on Southern CCS (S-CCS) populations using ocean projections for the year 2050
(under the now outdated IPCC A2 emissions scenario) found that Dungeness crab in Oregon and
California had moderately low vulnerability to low pH (Hodgson et al. 2016). Here, we expand
the semi-quantitative, life stage-specific framework of Hodgson et al. (2016) to assess the
vulnerability of Dungeness crab to changing ocean conditions in the Northern CCS (N-CCS),
9

specifically to low pH, low dissolved oxygen (DO), and high temperature using updated ocean
projections (IPCC RCP 8.5 emissions scenario for year 2100). We further expand this framework
by using physical transport models to estimate exposure for pelagic larvae in addition to the
previously used distribution maps.
As an eastern boundary upwelling system, the N-CCS experiences wide seasonal fluctuations in
ocean conditions and is a hotspot for climate change stressors (Gruber 2011, Hoegh-Guldberg et
al. 2014, Reum et al. 2016, Feely et al. 2018). Spring and summer upwelling brings cold,
nutrient-rich water onto the shelf that is low in DO, high in carbon dioxide (pCO 2), and low in
pH (Feely et al. 2018). Upwelling stimulates phytoplankton blooms (Hickey & Banas 2008) and
subsequently leads to the development of hypoxia (Hales et al. 2006) and associated low pH
waters (Siedlecki et al. 2015, 2016, Hales et al. 2017, Feely et al. 2018). As a result, the region
already experiences effects from hypoxia and OA during the upwelling season, and conditions
are projected to worsen under climate change (Hauri et al. 2013b, Feely et al. 2018, Dussin et al.
2019, Siedlecki et al. 2020). Conversely, the fall and winter downwelling season is characterized
by shoreward advection of relatively warm, nutrient-depleted oceanic water that is high in DO,
low in pCO2, and high in pH (Reum et al. 2016).
Due to the seasonally dynamic ocean conditions in this region (Sutton et al. 2016, 2019) and the
distinct phenology of Dungeness crab life stages (Fig. 1.1), exposure to stressful conditions
likely varies across life stages. Benthic life stages that are present year-round (juvenile and adult)
are unable to avoid the low pH and low DO conditions associated with the upwelling season.
Eggs carried by adult females during the downwelling season (Rasmuson 2013) may escape low
pH and DO conditions, while likely experiencing higher temperatures. Pelagic larvae disperse
throughout the water column and experience a range of conditions, but megalopae are more
10

likely to experience low pH and low DO than zoea because they return to the nearshore
environment during the upwelling season to prepare for settlement (Rasmuson 2013). Based on
anticipated seasonal patterns (among other factors), we expect our estimates of exposure for life
stages in the N-CCS to differ from those reported by Hodgson et al. (2016) for the S-CCS, where
there is year-round upwelling (Bograd et al. 2009).
Here, we estimated life stage-specific vulnerabilities (consequence × exposure) of Dungeness
crab to present and future ocean conditions (pH, DO, and temperature) using regional projections
for N-CCS waters and a literature review. The literature review allowed us to identify stress
thresholds and attribute consequence scores to each stressor and life stage combination. We then
determined each life stage’s exposure to conditions exceeding stress thresholds using a
combination of species distribution maps, regional models of ocean conditions, and larval
transport models. We calculated population vulnerabilities as the weighted mean of stagespecific vulnerabilities using weights from a population matrix model. Our assessment revealed
increased vulnerability to all three stressors in the future and illustrated the importance of life
stage and seasonality considerations. Like Dungeness crab, most species targeted by the top 10
commercial fisheries in the U.S. have complex life cycles and/or strong seasonal and ontogenetic
migrations among distinct habitats (e.g., lobsters, crabs, salmon, scallops, shrimp, pollock,
oysters, clams, flatfish, menhaden; ranked by value of landings, NMFS 2020). Our work may,
therefore, inform how we assess the population-level vulnerabilities of the many economically
and ecologically important species facing future change in seasonally dynamic habitats.
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METHODS
Life Stage Consequence
We estimated consequences to low pH, low oxygen, and high temperature for each Dungeness
crab life stage (zoea, megalopa, juvenile 1, juvenile 2, adult) based on responses reported in the
literature (Fig. 1.2). Here, consequence is defined as the degree to which a life stage
demonstrated negative responses to a stressor (Hodgson et al. 2016). We used Google Scholar to
identify papers (n=23) that investigated the responses of Dungeness crab (or related species) life
stages to low pH, low oxygen, or high temperature using laboratory experiments or field
observations and citations therein. Preliminary search terms included Dungeness crab,
Metacarcinus magister, or Cancer magister in combination with ocean acidification, pH,
hypoxia, oxygen, warming, or temperature. Because studies used a range of experimental
conditions and response measurements, the purpose of the literature review was to broadly
categorize the effects of exposure. We scored consequence from low (1) to high (3), where a
score of 1 indicated that exposure had no effects on development or survival, a score of 2
indicated sublethal effects, and a score of 3 indicated strongly adverse, lethal effects (Table 1.1).
We updated consequence scores for low pH from Hodgson et al. (2016) and assigned new scores
for low DO and high temperature. All scores underwent review by experts (co-authors & Paul
McElhany) to verify scores or update them according to findings from ongoing or unpublished
work. The literature review was also used to define stress thresholds for exposure estimates.
Threshold values (pH<7.65; DO<1.4 mL/L=2.0 mg/L=62.2 μmol/kg; T>15°C) were selected to
represent conditions at which negative consequences are expected to occur and were often used
to create “stressful” conditions in manipulative experiments (see citations in Table A.1).
Additionally, 7.65 pH was the mid-point threshold used by Hodgson et al. (2016), and 1.4 mL/L
12

DO is the conventional hypoxic threshold (Diaz 2001, Rabalais et al. 2002, Vaquer-Sunyer &
Duarte 2008).
Life Stage Exposure
Life stage distributions. We defined distinct spatiotemporal distributions of each life stage (Fig.
1.2) using monthly presence/absence maps from Hodgson et al. (2016). Benthic life stages (egg,
juvenile 1, juvenile 2, adult) were mapped along the seafloor between 30 and 90 m depth, where
they are predominantly found (Rasmuson 2013; Fig. 1.3). To represent the temporal distribution
of the benthic life stages, eggs were mapped between the months of October and March, while
juveniles and adults were mapped for every month of the year. To calculate maximum potential
exposure to either low pH and DO or high temperature, pelagic larval stages (zoea and
megalopa) were mapped at either the maximum depth of their vertical migration (70 m; Reilly
1983, Hobbs & Botsford 1992, Hobbs et al. 1992, Rasmuson 2013) or the surface, respectively,
because pH, DO, and temperature decline with depth. Zoeae were mapped as starting nearshore
in January and progressively moving offshore before metamorphosing into megalopae between
April and August (Fig. 1.3). Unlike the analysis of Hodgson et al. (2016), which applied an
ocean model with a minimum limit of 30 m depth, the ocean model used in our study (described
below) has been evaluated for the nearshore environment 15 m and deeper (Davis et al. 2014,
Giddings et al. 2014, Siedlecki et al. 2015, 2016, 2020), allowing us to extend the distributions of
the megalopae and juveniles. Geographic life stage distributions were assumed to remain the
same between now and 2100. This assumption is supported by species distribution model
projections for the Dungeness crab in 2100 under RCP 8.5, which predict similar distributions in
the N-CCS despite decreased abundance (Morley et al. 2018).
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Ocean model description. Spatiotemporal fields of baseline present and future (year 2100) ocean
conditions were derived from simulations (Fig. 1.2) using the Regional Ocean Model System
(ROMS) for the “Cascadia” domain (Davis et al. 2014, Giddings et al. 2014, Siedlecki et al.
2015, 2016, 2020), which encompasses the outer coasts of Vancouver Island, Washington, and
Oregon (see Fig. 1.3). The three-dimensional model is forced with realistic atmospheric,
freshwater, and tidal boundary conditions including physics and biogeochemistry to simulate
modern conditions and project future conditions. Future projections are forced by anomalies
from modern conditions with the RCP 8.5 carbon emissions scenario (Siedlecki et al. 2020),
which predicts 936 ppm of atmospheric CO2 in 2100 (Bopp et al. 2013). The model has a high
horizontal resolution ranging from 1.5 km at the coast to 4.5 km far offshore, allowing it to
resolve coastal processes, such as upwelling, that are not well-resolved in global-scale models.
Hindcast model fields have been validated against observations for the variables of interest and
exhibit skill on all regions of the shelf (Davis et al. 2014, Giddings et al. 2014, Siedlecki et al.
2015, 2016, 2020). Model vs. observation comparisons for 2007 revealed a significant cold
temperature bias in the upper ocean introduced by atmospheric forcing (Siedlecki et al. 2020).
We corrected this bias by adding the Root Mean Square Error (RMSE) for the upper 200 m
(2.79°C; Fig. A.1) to present and future modeled temperatures in that depth range.
We averaged modeled pH, DO, and temperature over three independent years at daily resolution
under both present and future forcings to account for interannual variability. We calculated pH
(on the total scale) from modeled dissolved inorganic carbon, alkalinity, temperature, salinity,
and pressure using CO2SYS (Pelletier et al. 2007) with carbonate dissociation constants from
Lueker et al. (2000), salinity to boron ratios from Uppström (1974), and bisulfate equilibrium
constants from Dickson (1990).
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Estimating exposure with distribution maps. We overlaid life stage distribution maps (Fig. 1.3)
with monthly averaged baseline and future model projections (Fig. 1.2), producing a pH, DO,
and temperature value for each 2.25 km2 grid cell within each stage’s distributional range for
each month the life stage is present (see Fig. 1.1). Using a threshold approach, we then calculated
percent exposure to stressful conditions for a given life stage as the proportion of grid cells
within its distribution that exceeded the stress thresholds (pH<7.65, DO<1.4 mL/L, T>15°C)
during each of four seasons (Jan-Mar, Apr-Jun, Jul-Sep, Oct-Dec) and throughout the year. We
converted percent exposure values into scores between 1 and 3: values greater than 75% were
considered high exposure (score=3) and values from 0 to 75% were linearly converted to values
between 1 and 3 (Fig. 1.4). This method of translation between percent exposure and exposure
score is a simplified assumption that has been used in prior studies (e.g. Williams et al. 2011)
including the one by Hodgson et al. (2016). High exposure was defined as >75%, as opposed to
50% in Williams et al. (2011), because species in the CCS are already experiencing conditions
exceeding the defined stress thresholds (Feely et al. 2008, 2010, 2018). Hence, species in the
CCS likely have adapted to local conditions allowing them to tolerate stressful conditions for
longer periods than species in less stressful habitats. We chose to use the same method in order
to compare our results to those of Hodgson et al. (2016), but also explored this choice and an
alternative method for the pH exposures in Appendix A.
Estimating larval exposure with transport models. We also quantified stressor exposure of larval
life stages using Lagrangian particle simulations (Fig. 1.2) to provide a more robust estimate of
conditions experienced by the pelagic life stages. We adapted the Larval TRANSport Lagrangian
model (LTRANS.v2b; North et al. 2008, 2011, Schlag & North 2012) to simulate Dungeness
crab zoeae and megalopae (Norton et al. 2020) advected through present and future (year 2100)
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daily averaged ROMS-projected conditions. The offline particle tracking model simulates larval
advection according to external ROMS physical forcing files, random displacement, and
prescribed larval behaviors. We released particles (n=3,640) from the seafloor between 30 and
90 m depth throughout the domain (Fig. 1.3) to simulate hatching from adult female spawning
stock on the first days of January, February, March, and April for a total of 14,560 particles per
model run. After release, each particle was tracked for 122 days, the average larval duration for
this region (Rasmuson 2013, Hodgson et al. 2016), with simulated dispersal trajectories updated
every minute and particle locations/ambient conditions recorded every hour.
Because larval behavior can influence particle trajectories and exposure history (Norton et al.
2020), we performed model runs for each of three behaviors based on field and laboratory
observations (Hobbs & Botsford 1992, Fernandez et al. 1994, Rasmuson 2013, Rasmuson &
Shanks 2014). These behaviors included passive transport, diel vertical migration (DVM), and an
intermediate behavior with particles switching from passive transport to DVM after 92 days,
which typically marks the end of the zoeal phase. DVM behavior followed Norton et al. (2020),
but with a maximum daytime depth of 70 m (Reilly 1983, Hobbs & Botsford 1992, Hobbs et al.
1992, Rasmuson 2013). While DVM behavior is most commonly reported for megalopae, zoeae
exhibit limited swimming abilities (Jacoby 1982), which may be more accurately represented
through passive particle transport (Norton et al. 2020).
We quantified the exposure history of each particle for pH, DO, and temperature. We calculated
zoeal and megalopal exposure scores using exposure histories for the first 92 days and the last 30
days of each particle track, respectively, to represent their life history progression (Rasmuson
2013, Hodgson et al. 2016). We averaged the percent exposure to low pH (<7.56), low DO (<1.4
mL/L), and high temperature (>15°C) across all zoeal and megalopal particles for each behavior
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under present and future conditions. We also calculated averages of the subset of particles that
ended up inside the shelf break (200 m isobath) to represent particles that could settle (Rasmuson
2013) since exposure histories of larvae lost from the region do not affect population-level
vulnerability. Particles that had exited the model boundaries (17.3% of exposure history records),
including those that had entered the Columbia River or the Salish Sea, were not included in
averages because these regions act as a boundary condition to the outer coast (Davis et al. 2014)
and do not simulate biogeochemical cycles (Siedlecki et al. 2020). Additionally, particle
exposure data that had unrealistic negative values due to extrapolation errors that occurred when
a particle was located at the surface or seafloor were removed before averaging (3.4% of
exposure history records). Finally, we used the percent exposure averages to calculate annual and
seasonal exposure scores for the zoea and megalopa stages as described above (Fig. 1.4).

Vulnerability
Life stage vulnerability. We calculated the vulnerability of each life stage (Vs) as the product of
exposure (Es) and consequence (Cs) scores (Fig. 1.2): Vs=Es × Cs (Eq. 1, Hodgson et al. 2016).
This was done for each of the three stressors (low pH, low DO, and high temperature) under
present and future exposure. Since values of E and C both range from 1 to 3, life stage
vulnerability ranges from 1 to 9, with 9 being the most vulnerable. We calculated stage
vulnerabilities on both seasonal (“acute”) and annual (“chronic”) timescales.
Population vulnerability. We calculated population-level vulnerabilities (Vp) for each stressor
under present and future exposure as weighted means of annual life stage vulnerability estimates
(Fig. 1.2), with relative weights (ws) for each life stage, i:
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𝑉𝑝 = ∑𝑖1 𝑤𝑠𝑖 𝑉𝑠𝑖

(Eq. 2)

As with life stage vulnerability scores, population vulnerability ranges from 1 to 9, with 9 being
the most vulnerable. We also calculated an upper bound to population vulnerability from the
maximum seasonal vulnerabilities for each life stage.
Relative life stage weights were derived from summed elasticity values from the stage-structured
population model developed for Dungeness crab by Hodgson et al. (2016), which has five life
history stages (egg, larval, juvenile 1, juvenile 2, adult) with males and females grouped.
Elasticities indicate how any proportional change in stage-specific survival, transition, or
offspring production affects population growth rate (Stevens 2009). Therefore, elasticities
provide a basis for identifying stages at which changes in demographic rates are likely to have
the greatest population-level effect and provide insight into which stage may be most important
for overall population growth. Hodgson et al. (2016) estimated elasticities from field and
laboratory-based survival rates, stage duration times, and fecundity values assuming the
population growth rate λ=1 because the analysis was intended to estimate the relative
contribution of each stage to population growth, not the ‘true’ population growth rate. Life stage
weights were assumed to remain the same between present and future. The zoea and megalopa
stages had the lowest relative life stage weights (0.01) and adults had the highest (0.44; Table
1.2). Therefore, population-level vulnerability estimates for each stressor in the present and
future were driven largely by adult stage vulnerabilities.

18

Uncertainty
We scored uncertainty for exposure and consequence scores of each life stage and combined
scores to estimate overall population uncertainty for each stressor (low pH, low DO, high
temperature). Similar to consequence scores, we scored uncertainties from low (1) to high (3)
based on criteria defined in Table 1.3. Criteria were updated from Hodgson et al. (2016) to
include uncertainty in exposure for the larval transport models. We calculated population-level
uncertainty for each stressor as the geometric mean of uncertainty in consequence (Uc) and
exposure (Ue) for each stage summed using the relative weights (ws) for each life stage (i)
(Hodgson et al. 2016):
𝑈𝑝 = ∑𝑖1 √𝑈𝑐 𝑈𝑒 𝑤𝑠𝑖

(Eq. 3)

Multi-stressor hotspots
We plotted the spatiotemporal overlap of stressors within benthic and pelagic life stage
distributions to visualize multi-stressor hotspots in the present and future of each season.
Seasonal averages of ocean model projections were used to visualize areas exceeding stress
thresholds (pH<7.65, DO<1.4 mL/L, T>15°C). Stressful areas were mapped along the seafloor
for the benthic life stages, whereas low pH and DO were mapped at 70 m depth (Reilly 1983,
Hobbs & Botsford 1992, Hobbs et al. 1992, Rasmuson 2013) and high temperatures were
mapped at the surface for the pelagic stages.
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RESULTS
Spatiotemporal variability in ocean conditions and life stage distributions caused exposure and
resulting vulnerability scores to vary across stressors, life stages, seasons, and timescales (Table
1.2, Figs. 1.5 & 1.6). Exposure and consequence scores within a life stage were often dissimilar
(Fig. 1.5), leading to moderately low vulnerability estimates (i.e., life stages with high
consequence were not highly exposed and vice versa). Importantly, estimates of population-level
vulnerability to each stressor and projected increases for 2100 depended on how each life stage
experienced vulnerability across the four seasons (Figs. 1.6 & 1.7). Below we describe
vulnerability estimates (consequence, exposure, and uncertainty scores) for each stressor (low
pH, low DO, and high temperature) with relevant seasonal and life stage-specific results.

Low pH
Consequence. We updated the consequence scores assigned by Hodgson et al. (2016) to include
information from recent experimental studies while maintaining the assumption that consequence
remains constant in the future. Specifically, scores for the egg and megalopa stages were updated
to reflect the current literature (Miller et al. 2016, Bednaršek et al. 2020, P. McElhany, personal
communication, August 21, 2019) based on the scoring criteria presented in Table 1.1. The
consequence of exposure to low pH was low (1, no effect) for the juvenile and adult stages,
medium (2, sublethal effect) for the egg and megalopa, and high (3, lethal effect) for the zoea
(see Table A.1 for score justifications). Uncertainties for the consequence scores were lowest for
the zoea and adult stages and highest for the juvenile 2 stage (see Table 1.3 for uncertainty
scoring criteria and Table A.2 for uncertainty score justification). Compared to the uncertainty
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scores for consequence reported by Hodgson et al. (2016), the egg, zoea, megalopa, and juvenile
1 stage scores were lowered by 1 to reflect increased support from recent studies (Miller et al.
2016, Bednaršek et al. 2020, P. McElhany, personal communication, August 21, 2019).
Present exposure. Under present conditions, exposure to low pH (<7.65) averaged annually was
minimal (1.00-1.87) across life stages (Tables 1.2 & A.3, Fig. 1.5). Using distribution maps,
exposure scores for the egg, zoea, and megalopa stages were estimated to be 1.01-1.19, while the
juvenile and adult stages had scores of 1.87. However, for juveniles and adults, exposure was
>75% (3.00) when isolating the summer season (Jul-Sep). Exposure scores for the present were
similar when the nearshore distribution was included for the megalopa (1.19) and juvenile (1.83)
stages. For the zoea and megalopa stages, exposure scores estimated using larval transport
models (1.01-1.10) were similar to those estimated from distribution maps. Uncertainty scores
for exposure were lowest for the egg, juvenile, and adult distribution maps (Table 1.2) and the
larval transport models with passive behavior for the zoea and DVM behavior for the megalopae
(Table 1.4). The zoea and megalopa distribution maps had high uncertainty (see Table 1.3 for
uncertainty scoring criteria and Table A.2 for uncertainty score justification). Uncertainty scores
for exposure were the same across present and future for all stressors.
Future exposure. Exposure to low pH increased under future (year 2100) conditions for all life
stages, resulting in exposure scores ranging from 2.50 (egg) to 3.00 (megalopa; Table 1.2, Fig.
1.5). According to the map distribution method, exposure was >75% (3.00) for zoeae,
megalopae, juveniles, and adults during the spring (Apr-Jun) and summer (Jul-Sep). Exposure
scores for the megalopa and juvenile stages were similar when the nearshore was added to their
distribution maps. The use of larval transport models for the zoea and megalopa stages resulted
in decreased exposure scores (1.25-1.99, Table 1.4) compared to those estimated from
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distribution maps (2.67-3.00). Particles exhibiting DVM behavior had greater exposure to low
pH than those exhibiting passive or intermediate behavior when averaged across all particles or
those that reached the shelf. Under DVM behavior, the proportion of particles returning to the
shelf was also greatest (Table 1.5).
Vulnerability. Vulnerability to low pH (consequence × exposure) increased for every life stage
from present to future (Tables 1.2 & A.3, Fig. 1.5), especially during the upwelling season (AprSep; Fig. 1.6). Integrated annual population vulnerability estimates were 1.97 in the present and
3.27 in the future (Fig. 1.7). When calculated from the maximum seasonal life stage
vulnerabilities, the upper bound to population vulnerability was 2.95 in the present and 3.52 in
the future. Population-level uncertainty was low, ranging from 1.29 to 1.32 depending on the
exposure estimation method (Table A.3).

Low DO
Consequence. The consequence of exposure to low DO was determined to be medium (2) for
the egg and megalopa stages and high (3) for the zoea, juvenile, and adult stages (see Table 1.1
for score justifications). Responses of Dungeness crab eggs and zoeae to low DO have not yet
been studied, so the consequence scores for these stages were based on studies with related
species. The response of the juvenile 2 stage also has not been studied, so the consequence score
was assumed to be the same as the juvenile 1 and adult stages. The egg, zoea, and juvenile 2
stages received high uncertainty scores, while the remaining stages received medium (megalopa
and juvenile 1) or low uncertainty scores (adult; see Table 1.3 for uncertainty scoring criteria and
Table A.2 for uncertainty score justification).
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Present exposure. Annual average exposure to low DO (<1.4 mL/L) was minimal for all stages
in the present (Tables 1.2 & A.3, Fig. 1.5). All methods of estimation yielded exposure scores of
1.00-1.02 for the egg, zoea, and megalopa stages and 1.22-1.24 for the juvenile and adult stages.
For juveniles and adults, exposure was highest (1.92) during the summer (Jul-Sep).
Future exposure. Under future conditions, exposure to low DO remained the same for the egg,
megalopa, and zoea stages, but increased for the juvenile and adult stages (Table 1.2, Fig. 1.5).
For these stages, exposure was highest (2.61) during the summer (Jul-Sep). Including the
nearshore in megalopa distribution maps caused exposure to increase slightly (from 1.01 to 1.08)
while including it in juvenile maps caused exposure to decrease slightly (from 1.55 to 1.50).
Exposure scores estimated from larval transport models for the zoea and megalopa stages (Table
1.4) were similar to those estimated from distribution maps.
Vulnerability. Life stage vulnerability to low DO remained the same from present to future for
the egg, zoea, and megalopa stages, but increased slightly for the juvenile and adult stages (from
3.71 to 4.65; Tables 1.2 & A.3, Fig. 1.5), particularly during the upwelling season (Apr-Sep; Fig.
1.6). Because juvenile and adult stages have the greatest life stage weights, integrated estimates
for population-level vulnerability were 3.42 in the present and 4.19 in the future (Fig. 1.7), with
upper bounds of 5.09 and 6.78, respectively. Population-level uncertainty was low, ranging from
1.35 to 1.38 depending on the exposure estimation method (Table A.3).
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High Temperature
Consequence. The consequence of exposure to high temperature was scored as medium (2) for
the megalopa, juvenile 2, and adult stages and high (3) for the zoea and juvenile 1 stages (see
Table 1.1 for score justifications). Uncertainty in consequence was scored low for the zoea and
juvenile 1 stages and medium for the remaining stages (see Table 1.3 for uncertainty scoring
criteria and Table A.2 for uncertainty score justification).
Present exposure. According to all methods of estimation, annual and seasonal exposure to high
temperature (>15°C) was rare for all life stages (scores of 1.00-1.31) under present conditions
(Tables 1.2 & A.3, Fig. 1.5).
Future exposure. Compared to exposure scores for the present, exposure to high temperature
increased slightly for the egg, juvenile, and adult stages under future conditions (from scores of
1.00 to 1.08-1.12; Table 1.2, Fig. 1.5). Increases were pronounced for the zoea and megalopa
stages according to the map distribution method of exposure estimation (from scores of 1.101.31 to 1.75-2.56) but not the particle model trajectory method (from scores of 1.00-1.01 to 1.041.19; Table 1.4).
Vulnerability. Life stage vulnerability to temperature increased slightly from present to future
for all life stages, with the exception of greater increases for the zoea and megalopa stages when
the distribution map method was used (Table 1.2, Fig. 1.5). Increases were greatest during the
downwelling season (Oct-Mar) for the benthic stages (egg, juvenile, adult) and during the
upwelling season (Apr-Sep) for the pelagic stages (zoea & megalopa; Fig. 1.6). The integrated
annual population-level vulnerability was 2.35 in the present and 2.59 in the future with similar
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upper bounds (Fig. 1.7). Population-level uncertainty was low, ranging from 1.34-1.36
depending on the exposure estimation method (Table A.3).

Multi-stressor Hotspots
The spatiotemporal overlap of multiple stressors was prevalent in the summer (Jul-Sep) under
future conditions (Fig. 1.8) compared to the other seasons (Fig. A.2). During summer, the entire
juvenile and adult habitat experienced increased exposure to both low pH and low DO under
future conditions, whereas the entire larval habitat experienced increased exposure to both low
pH at 70 m and high temperature at the surface. The larval habitat also experienced exposure to
all stressors at a hotspot near the outskirts of the Juan de Fuca eddy (~48.5°N) in the summer
under future conditions. In all other seasons, low pH emerged as a stressor under future
conditions. However, low pH alone is of low consequence for the juvenile and adult stages.
Under future conditions, novel hotspots of both low pH and high temperature emerge in the
benthic habitat in fall and in the larval habitat in winter and spring. Low pH and high
temperature conditions in the larval habitat during winter are driven by future ocean acidification
and warming under RCP 8.5. However, spatial coverage of stressful conditions was minimal in
the winter overall.

DISCUSSION
Our results demonstrated that the vulnerability of Dungeness crab populations to low pH, low
DO, and high temperature increased under future climate change conditions (year 2100, RCP
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8.5) in the N-CCS, and, overall, vulnerability to low DO was most severe (Fig. 1.8). Changes in
vulnerability to each stressor over the next century depend on the ways that seasonality of ocean
conditions and life-stage specific vulnerabilities are incorporated into estimates of populationlevel vulnerability. For example, increased vulnerability to low pH resulted from elevated yearround exposure of all life stages, while increased vulnerability to low DO was due to a
combination of elevated exposure during the summer upwelling season and its consequence for
adult life stages, which contribute strongly to population growth (Fig. 1.8). As a result, the upper
bound and projected increase for population-level vulnerability to low DO was even more severe
(Fig. 1.7) when calculated from the maximum seasonal vulnerability scores for each life stage as
opposed to scores determined on an annual basis. Our results thus illustrate the value of
considering vulnerability from both an “acute” seasonal and “chronic” annual perspective,
especially for species with complex life cycles in seasonal environments. Below we further
discuss how our results compare to other assessments of Dungeness crab vulnerability; highlight
the importance of including multiple life stages and the seasonality of ocean conditions in
population-level vulnerability assessments; illustrate ways that integrating across multiple
stressors might shape population vulnerability; and suggest directions for future work.

Comparison to Prior Assessments
pH. Our results for Dungeness crab vulnerability to pH were generally consistent with findings
of previous work from other regions within the CCS. Our stage- and population-level
vulnerabilities for low pH in the N-CCS in 2100 (egg = 4.52, zoea [map] = 8.01, megalopa [map]
= 6.00, juveniles & adult = 2.91, population = 3.27; Table 1.2, Figs. 1.5 & 1.7) were similar or
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higher than those reported by Hodgson et al. (2016) for the southern population in 2050 (egg =
3.00, zoea = 4.29, megalopa = 4.17, juveniles & adult = 3.00, population = 3.03). These results
suggest that the northern population may reach a similar level of vulnerability 50 years after the
southern population, but we cannot assume a linear progression. While the southern population
experiences year-round upwelling, the N-CCS only experiences upwelling during the spring and
summer (Bograd et al. 2009), so annual averaging reduces the overall vulnerability for the
northern population. Other methodologies (e.g., ecosystem and economic modeling) have also
been used to investigate the effects of future pH and OA on Dungeness crab in the CCS and have
predicted negative impacts on survival, biomass, landings, and revenue (Busch & McElhany
2016, Marshall et al. 2017, Hodgson et al. 2018). These studies predicted more severe population
impacts than our vulnerability assessment because they also factor in potential indirect effects of
exposure to low pH, including changes in prey resources. Therefore, it is difficult to directly
compare our results to these ecosystem model projections.
DO. While our study is the first to assess the vulnerability of the outer coast Dungeness crab
population to hypoxia, a model study in Hood Canal (Froehlich et al. 2017) predicted that local
harvest will increase under future hypoxia due to shoaling of adult habitat (Dungeness crab
adults avoid hypoxic areas; Bernatis et al. 2007, Froehlich et al. 2014). Hypoxia (DO<1.4 mL/L)
in <30 m depth habitat influenced catchability and management performance, increasing the
susceptibility of the Hood Canal population to overfishing. However, hypoxia-related mortality
or changes in growth or reproduction were not included in their model. In our study, we did not
consider changes in habitat distribution of the outer coast population, as we relied on species
distribution model projections (Morley et al. 2018), but stressful future conditions may result in
distributional shifts, as projected in Hood Canal.
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Temperature. Compared to effects of DO and pH, projected temperature increases for year 2100
caused only a small increase in vulnerability of the N-CCS Dungeness crab population (Fig. 1.7).
Other assessments of Dungeness crab in the CCS revealed both positive and negative effects of
projected temperature increases. For example, Toft et al. (2014) found that a 1.5°C increase in
temperature should increase harvest in Hood Canal for the years 2035-2045 due to increased
survival of juvenile crabs in the estuary. In contrast, Magel et al.’s (2020) socio-economic risk
assessment for fishing ports across the entire CCS predicted decreased catch per unit effort
(CPUE) under increased SST for the year 2080. Although much of this projected decline in
CPUE occurred in the S-CCS, fishing communities in the N-CCS were projected to be more
sensitive to the impacts of temperature on CPUE due to their greater reliance on this single
species. It is important to note that our work focused on the outer coast N-CCS crab populations,
which experience unique oceanographic conditions compared to the S-CCS and Hood Canal due
to strong seasonal upwelling. Although larval life stages are indeed sensitive to warming
temperatures (Table A.1), our regional ocean projections and transport models indicated low
exposure to stressful temperatures >15°C (Fig. 1.5), and our population model indicated a
relatively small influence of larval life stages on population-level vulnerability (Fig. 1.7).
Furthermore, relationships among biological vulnerability of crab populations, CPUE, and social
vulnerability of fishing communities are not necessarily straightforward, particularly given that
CPUE includes only harvestable adult male crabs. Quantifying relationships between these
different assessment metrics should prove a fruitful area for future research.
Taken together, results from our study and prior assessments suggest that managers should
consider changing ocean conditions in their decision-making because the current 3-S
management strategy, which has yielded high and sustainable harvests in the past (Richerson et
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al. 2020), may not be adequate in the future. Specifically, managers may find a need to apply
more precautionary versions of 3-S management, or additional measures (Froehlich et al. 2017,
Burns et al. 2020), particularly in areas prone to stressful conditions (e.g., stressor hotspots in
Fig. 1.8).

Importance of Life Stage Considerations
Our results demonstrated the importance of including the entire life cycle in estimates of
population-level vulnerability for two main reasons. First, the relative importance of each life
stage becomes apparent. In our assessment, adults had the highest relative life stage weight and,
therefore, were considered to contribute the most to population-level vulnerability. For example,
while adults had the highest exposure to low pH, because of their low consequence, population
vulnerability was low overall. In comparison, adult exposure to low DO was relatively low, but
when paired with high consequence, the overall population vulnerability increased. Although the
adult life stage often determines species distribution and population health (Pearson & Dawson
2003, Davies et al. 2004, Wake et al. 2009), we note that early life stages often determine
recruitment success and can act as a population growth bottleneck (Cushing 1997, Pörtner &
Farrell 2008, Mantzouni & MacKenzi 2010, Petitgas et al. 2013, Stortini et al. 2015). Populationlevel vulnerability should, therefore, be interpreted carefully when it is estimated to be lowmoderate but early life stage vulnerabilities are estimated to be high.
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Second, inclusion of the entire life cycle allows for consideration of each stage’s dynamic habitat
use, which is necessary for species with complex life cycles like Dungeness crab. Given that
different life stages occupy different regions of the pelagic and benthic realms, exposure
estimation methodology was important to our results. While distribution maps were
representative of conditions experienced by benthic life stages, particle dispersal trajectories
provided a more realistic estimation of stressor exposure for pelagic larvae. In our assessment,
transport model estimates of larval exposure to low pH and high temperature under future
conditions were much less than those estimated from distribution maps (Table 1.2, Fig. 1.5). This
result was not surprising because the depths of the larval distribution maps (70 m for pH and DO,
surface for temperature) were chosen to represent maximum potential exposure. However,
dispersing larvae do not spend their entire stage duration at any single depth, so particle dispersal
trajectories offer a more realistic view of larval exposure history.
Consistent with other findings (Norton et al. 2020, Bednaršek et al. 2020), the type of simulated
larval behavior affected exposure and potential settlement success: DVM throughout the entire
larval phase (zoea and megalopa) yielded the greatest return of particles to the shelf (Table 1.5)
but also the greatest exposure to low pH (Table 1.4) compared to passive (no DVM) or
intermediate (megalopa DVM only) behaviors. Though larval swimming behavior could also be
altered under changing ocean conditions (Christmas 2013, Gravinese et al. 2019), which could
affect dispersal, settlement, and post-settlement distribution, our transport and exposure results
suggest that intermediate behavior (as observed for Dungeness larvae in situ; Hobbs & Botsford
1992, Rasmuson & Shanks 2014) could balance a tradeoff between settlement rates and exposure
to low pH. However, it should also be noted that compression of DVM extent may occur in
response to climate stressors (Rosa & Seibel 2008, Wishner et al. 2020). While compressed
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DVM would decrease larval exposure to stressful conditions, it could also make the larvae more
susceptible to predation and/or reduce food availability. Future work could explore these
scenarios using dynamic thresholds to set the bottom limit of DVM (e.g., hypoxic depth).

Importance of Seasonality
Our work showed that Dungeness crab life stages are currently and will continue to be most
vulnerable to low pH and DO during spring and summer (Fig. 1.6) because of the seasonality in
upwelling in the N-CCS. Seasonal upwelling is a central characteristic of the N-CCS and other
eastern boundary currents. It confers high productivity to the region and its fisheries, but also
high vulnerability to low pH and DO (Checkley & Barth 2009). Incorporation of seasonality
should, therefore, improve vulnerability assessments for species in seasonal seas (Jones et al.
2018, Spencer et al. 2019). Our assessment is the first of its kind to consider seasonal variation in
stressor exposure and vulnerability. Prior vulnerability assessments for the southern Dungeness
crab population (Hodgson et al. 2016) did not consider seasonality. However, seasonal averages
would have likely been similar to annual averages in this region because upwelling conditions
occur year-round in the S-CCS (Bograd et al. 2009).
The seasonality identified by our results would not have emerged if we had only estimated
vulnerability on an annual basis. For example, the annually averaged vulnerability to low DO
under future conditions for the juvenile and adult stages was 4.65, while the seasonally averaged
vulnerability during summer (Jul-Sep) was 7.84 (Fig. 1.6). Thus, “acute” seasonal vulnerability
to hypoxic events may be a greater concern than “chronic” annual vulnerability to long-term
deoxygenation. However, neither of these averages took stressor intensity into account. Because
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DO can reach lower values than our threshold (1.4 mL/L) during summer (Hales et al. 2006,
Connolly et al. 2010, Adams et al. 2013, Siedlecki et al. 2015, Chan et al. 2019), our estimates of
vulnerability were conservative.
Other species that occupy both the northern and southern regions of the CCS (e.g., Hodgson et
al. 2016) could benefit from further assessment of their seasonal vulnerability in this region. This
is especially true for species with larval durations that coincide with seasonal exposure to climate
stressors like the Dungeness crab, such as pink shrimp. Seasonality and life stage are directly
linked for stages that are not present year-round (e.g., larvae). Should these stages produce a
population bottleneck, annual vulnerability estimates may fail to capture true population-level
vulnerability. Hence, seasonality and exposure estimates are important to consider in
vulnerability assessments for species that live in seasonally dynamic habitats and have complex
life cycles.

Integrating Across Multiple Stressors
The classic multi-stressor framework predicts that two or more stressors can have additive,
synergistic, or antagonistic effects on an organism (Folt et al. 1999, Griffen et al. 2016) and
generally assumes that these stressors are experienced at the same time. Our approach considers
the ways in which multiple climate stressors co-occur in the N-CCS, but also how different life
stages experience these stressors in space and time. In doing so, our assessment revealed a
variety of ways in which the multi-stressor effects of climate change could impact Dungeness
crab vulnerability.
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We found that both pelagic and benthic life stages are expected to become more vulnerable to
co-occurring stressors (Fig. 1.6). During future summers under RCP 8.5, pelagic larvae will
experience increased exposure to low pH at 70 m depth and high temperature at the surface,
while juveniles and adults will experience increased exposure to both low pH and low DO on the
bottom (Fig. 1.8). The vertical locations of these stressors in the water column highlight the
importance of ontogenetic habitat shifts but also the role of larval behaviors such as DVM in
determining exposure to multiple stressors (Table 1.4). Current literature suggests that
Dungeness crabs are more sensitive to low DO (Grantham et al. 2004, Bancroft 2015, Barth et al.
2018) than to low pH (Pane & Barry 2007; P. McElhany, personal communication, August 21,
2019). Interactions between these two stressors (Reum et al. 2016) have only been tested with
Dungeness megalopae (Gossner 2018), which do not exhibit a synergistic multi-stressor
response. However, pH and DO have been shown to have negative synergistic effects on the
larval and adult stages of other crab species, such as blue crabs (Holman et al. 2004, Tanner et al.
2006, Tomasetti et al. 2018).
Even if concurrent stressors do not have interactive effects on a given life stage, multi-stressor
effects could emerge across ontogeny. A growing literature on carryover effects reveals that
stressors experienced by one life stage can exacerbate or attenuate responses to other stressors by
subsequent life stages (see Donelan et al. 2020 for review). For example, larval exposure to
ocean acidification can reduce post-settlement growth rates in oysters (Hettinger et al. 2013),
potentially increasing vulnerability to predators (Eggleston 1990). Furthermore, adult exposure
to stressors can also modify the impact of stressors on the next generation (Donelan et al. 2020).
For example, limpet embryonic viability was low in egg masses laid by stressed adults,
especially those exposed to multiple stressors (temperature, UV, copper; Kessel & Phillips
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2018). Such carryover effects have not been tested in Dungeness crabs but could be a fruitful
avenue of research.
Ultimately, population-level vulnerability to multiple stressors will depend on how each life
stage responds to multiple stressors and how multi-stressor effects integrate across ontogeny.
Understanding multi-stressor effects across ontogeny or ecological contexts (e.g., resource
limitation) requires mechanistic, factorial experiments (Griffen et al. 2016), but such experiments
become intractable with an increasing number of stressors and/or life stages. However,
reductionist approaches (e.g. combining multiple stressors) can be applied to more feasibly
obtain the fundamental information needed for decision-making (Boyd et al. 2018, Baumann et
al. 2019). Vulnerability assessments like ours can help identify the combinations of life stages
and stressors that are most likely to coincide in nature and inform the multi-stressor experiments
necessary to understand the biological impacts of changing ocean conditions.

Future Directions
While our assessment aimed to advance the life stage-specific vulnerability assessment
framework developed by Hodgson et al. (2016), several assumptions were not addressed, either
because they were beyond the scope of this study or the required data were lacking. First, while
species distribution model projections suggest that the Dungeness crab range will not shift out of
the N-CCS by 2100 (Morley et al. 2018), changing ocean conditions could cause phenological
shifts that would influence the degree of stressor exposure across life stages that are not present
year-round. Second, identification of species- and life stage-specific stressor thresholds from
laboratory or in situ research (Bednaršek et al. 2020) could change the results of this assessment.
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Third, refinement of the method for estimating vulnerability is needed because exposure and
consequence impacts are not linear. As the method stands, mid-ranged vulnerability scores may
require deeper analysis (Greenan et al. 2019), which could include integrating exposure intensity
and duration in exposure estimates, such as by using a severity index (see Hauri et al. 2013a).
Fourth, the regional ocean model projections used in this assessment were designed to represent
mean modern and future conditions and did not consider anomalous warming events (marine
heatwaves) that are expected to become more common in the future (Cai et al. 2014, Frölicher et
al. 2018). Finally, although vulnerability may be mitigated by a species' ability to adapt to
changing conditions, we did not account for adaptive capacity due to challenges associated with
its scoring (Adger 2006, Hodgson et al. 2016) and reported low genetic differentiation among
CCS populations (Jackson & O’Malley 2017, O’Malley et al. 2017, Jackson et al. 2018), which
may constrain this species’ ability to respond to climate change.

CONCLUSIONS
Our work is the first to provide this kind of assessment for the N-CCS Dungeness crab
population and highlights the importance of life stage and seasonality considerations in
estimating vulnerability to multiple climate change stressors. Our multi-faceted approach
revealed that the adult life stage plays a key role in Dungeness crab population vulnerability.
Although sensitive larval stages could act as a bottleneck, transport models indicated that larval
exposure to stressful conditions may not be as high as suggested by spatiotemporal distribution
maps. To take appropriate action in the seasonal N-CCS, managers should consider both “acute”
seasonal and “chronic” annual vulnerability for all life stages.
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Assessments like ours help identify targets for factorial multi-stressor experiments on key life
stages by revealing which, when, and where multiple stressors may be most impactful. The
assessment can then be easily updated as new data become available (e.g., identification of
species-specific stressor thresholds, synergistic effects, etc.). Furthermore, our vulnerability
assessment framework can be adapted for the many other species with complex life cycles that
live in seasonally dynamic habitats and can help guide management decisions.
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TABLES
Table 1.1 Description of consequence scores (1-3) used to determine life stage consequence from
exposure to low pH, low DO, and high temperature (adapted from Hodgson et al. 2016).

Consequence Category Description
Score
1

Life stage demonstrates exposure tolerance to low pH, low DO, or high
temperature. Conclusion is based on direct experimentation on this or very
closely related species or based on known exposure patterns in sustained
populations.

2

Life stage demonstrates some exposure tolerance to low pH, low DO, or high
temperature: evidence suggests limited, but not full, tolerance. Empirical
evidence shows some effect, but effect size is moderate. Evidence may come
from this or from a related species or similar life stage.

3

Life stage shows clear impact from exposure to low pH, low DO, or high
temperature. This may be based on demonstration of direct effects on this or
closely related species.
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Table 1.2 Stressor and life stage-specific scores of exposure in the present (Ep) and future (Ef),
consequence (C), weight (w), vulnerability in the present (Vp) and future (Vf), and uncertainty for
exposure (Ue) and consequence (Uc). Exposure scores include those estimated from distribution
maps (white) and distribution maps with the nearshore added (blue).

Stressor Stage

Ep

Ef

C w

pH

Egg

1.19 2.26 2

0.16 2.37 4.52 1

2

Zoea

1.00 2.67 3

0.01 3.02 8.01 3

1

Megalopa 1.02 3.00 2

0.01 2.04 6.00 3

2

1.19 3.00
Juvenile 1 1.87 2.91 1
1.83 2.87
Juvenile 2 1.87 2.91 1
1.83 2.87

DO

Vp

Vf

Ue Uc

2.38 6.00 3
0.17 1.87 2.91 1

2

1.83 2.87 1
0.21 1.87 2.91 1

3

1.83 2.87 1

Adult

1.87 2.91 1

0.44 1.87 2.91 1

1

Egg

1.02 1.04 2

0.16 2.05 2.08 1

3

Zoea

1.00 1.00 3

0.01 3.00 3.01 3

3

Megalopa 1.00 1.01 2

0.01 2.00 2.02 3

2

1.02 1.08
Juvenile 1 1.24 1.55 3
1.22 1.50
Juvenile 2 1.24 1.55 3
1.22 1.50
Adult

1.24 1.55 3

2.04 2.17 3
0.17 3.71 4.65 1

2

3.67 4.51 1
0.21 3.71 4.65 1

3

3.67 4.51 1
0.44 3.71 4.65 1

1

38

Temp

Egg

1.00 1.12 3

0.16 3.00 3.35 1

2

Zoea

1.10 1.75 3

0.01 3.30 5.25 3

1

Megalopa 1.31 2.56 2

0.01 2.62 5.12 3

2

1.18 2.56
Juvenile 1 1.00 1.07 3
1.00 1.08
Juvenile 2 1.00 1.07 2
1.00 1.08
Adult

1.00 1.07 2

2.37 5.12 3
0.17 3.00 3.20 1

1

3.00 3.24 1
0.21 2.00 2.14 1

2

2.00 2.16 1
0.44 2.00 2.14 1

2
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Table 1.3 Definitions used for uncertainty in exposure (Ue), from distribution maps and larval
transport models and uncertainty in consequence (Uc) (adapted from Hodgson et al. 2016).

Ue Definition
1

Low uncertainty in distribution: Map is based on multiple years of direct observations
from surveys that span distributional range, distributions are consistent across years, or
map is developed from conclusions found in numerous (3+) scientific papers and is
supported by experts.
Low uncertainty in larval transport model: Behavior is based on multiple years of direct
observations that span distributional range or conclusions found in numerous (3+)
scientific papers and/or there is a low margin of error for mean exposure of all particles.

2

Moderate uncertainty in distribution: Distribution is based on minimal observations with
some questionable accuracy of location or local conditions, the full extent of distribution
may not be precisely measured, or distribution is derived from model estimates.
Moderate uncertainty in larval transport model: Behavior is based on minimal
observations with some questionable accuracy and/or there is a moderate margin of error
for mean exposure of all particles.

3

High uncertainty in distribution: Distribution is based on conclusions from few papers (12) with minimal spatial coverage requiring generalizations to determine coast-wide
distributions, even with expert confirmation of best estimate.
High uncertainty in larval transport model: Behavior is based on conclusions from few
papers (1-2) and/or there is a high margin of error for mean exposure of all particles.

Uc Definition
1

Low uncertainty in consequence conclusion: more than one study conducted directly on
this species life stage, with agreement between studies.

2

Moderate uncertainty in consequence conclusion: one study conducted on this species,
more than one but with conflicting results, or study conducted on a species of the same
genus or on the same species but different life stage.

3

High uncertainty in consequence conclusion: no studies directly on this species or any in
the same genus, conclusions are on species in the same family.
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Table 1.4 Stressor and larval life stage-specific scores of exposure in the present (Ep) and future
(Ef), consequence (C), weight (w), vulnerability in the present (Vp) and future (Vf), and
uncertainty for exposure (Ue) and consequence (Uc). Exposure scores include those estimated
from larval transport models with passive (white), DVM (blue), and intermediate behavior (red).
Exposure scores in parentheses indicate those for the subset of particles that ended up inside of
the shelf break (200 m isobath).

Stressor Stage

Ep

pH

1.01 (1.00) 1.63 (1.25) 3

Zoea

Ef

C w

Zoea

Zoea

Ue Uc

0.01 3.04 (3.01) 4.89 (3.76) 1
3.09 (3.03) 5.50 (3.99) 2

1.01 (1.00) 1.63 (1.25)

3.04 (3.01) 4.89 (3.76) 1
0.01 2.03 (2.03) 3.22 (2.88) 3

1.10 (1.10) 1.99 (1.63)

2.20 (2.20) 3.99 (3.27) 1

1.02 (1.02) 1.81 (1.51)

2.03 (2.05) 3.62 (3.02) 1

1.00 (1.00) 1.01 (1.01) 3

0.01 3.00 (3.01) 3.03 (3.02) 1

1.00 (1.00) 1.01 (1.00)

3.00 (3.00) 3.04 (3.01) 2

1.00 (1.00) 1.01 (1.00)

3.00 (3.00) 3.04 (3.01) 1

Megalopa 1.00 (1.00) 1.02 (1.02) 2

Temp

Vf

(1.03 1.01) 1.83 (1.33)

Megalopa 1.02 (1.02) 1.61 (1.44) 2

DO

Vp

0.01 2.00 (2.00) 2.05 (2.04) 3

1.01 (1.01) 1.04 (1.04)

2.03 (2.03) 2.09 (2.08) 1

1.00 (1.00) 1.01 (1.01)

2.00 (2.00) 2.02 (2.02) 1

1.00 (1.00) 1.04 (1.01) 3

0.01 3.00 (3.00) 3.11 (3.02) 1

1.00 (1.00) 1.04 (1.01)

3.00 (3.00) 3.13 (3.03) 2

1.00 (1.00) 1.04 (1.00)

3.00 (3.00) 3.11 (3.01) 1

1

2

3

2

1
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Megalopa 1.01 (1.00) 1.18 (1.01) 2

0.01 2.02 (2.00) 2.35 (2.03) 3

1.01 (1.00) 1.19 (1.06)

2.01 (2.00) 2.38 (2.13) 1

1.01 (1.00) 1.17 (1.02)

2.02 (2.00) 2.33 (2.05) 1

2
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Table 1.5 Percent of particles (± 95% confidence interval) ending up inside of the shelf break
(200 m isobath) for each behavior in the present and future (averaged across the four monthly
initializations)

Behavior

Present
(% of particles)

Future
(% of particles)

Passive

25.3 (±0.2)

30.1 (±0.3)

DVM

46.1 (±0.4)

45.2 (±0.4)

Intermediate

27.5 (±0.2)

31.0 (±0.2)
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FIGURES

Figure 1.1 The Dungeness crab life cycle with life history timings for the outer coasts of
Washington and Oregon (Rasmuson 2013). Adult males (♂) and females (♀) mate between
March and June. Adult females extrude ~2 million eggs each between October and December
and carry them within their abdomen until hatching between January and March. The larvae
hatch as zoeae, which are transported offshore and undergo five molts before metamorphosing
into megalopae. The megalopae are transported back onto the shelf and then settle and
metamorphose into juveniles between April and August. Juveniles reach sexual maturity after ~2
years, and the cycle begins again. Adult females have an average life span of 8-10 years, whereas
adult males reach legal catch size around 4 years old and are captured by state and tribal
managed commercial and recreational fisheries.
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Figure 1.2 Schematic of vulnerability assessment methods (adapted from Hodgson et al. 2016).
The numbers in parentheses represent the range of exposure, consequence, and vulnerability
scores (low-high). Life stage vulnerability (Vs) is the product of life stage exposure and
consequence (Eq. 1), while population vulnerability (Vp) is the weighted mean of the life stage
vulnerabilities, with weights (w) derived from a population matrix model (Eq. 2).
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Figure 1.3 Life stage distribution maps for benthic (egg, juvenile 1, juvenile 2, adult) and larval
(zoea, megalopa) stages adapted from Hodgson et al. (2016). The maps are colored differently to
draw attention to the different time windows.
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Figure 1.4 Scaling used to convert percent exposure to an exposure score between 1 and 3.
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Figure 1.5 Consequence and exposure scores for each life stage to low pH (<7.65), low DO (<1.4
mL/L), and high temperature (>15 °C) in the present and future. Life stage vulnerability is the
product of the consequence and exposure scores and is colored from blue (1) to red (9). In cases
where exposure score changed between present and future, the grayed life stage icon represents
the present score. In cases where larval exposure score differed depending on the estimation
method used, ‘d’ represents the score calculated from the distribution map method and ‘t’
represents the score calculated from the larval transport model method with intermediate
behavior.
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Figure 1.6 “Acute” seasonal vulnerabilities to low pH (<7.65), low DO (<1.4 mL/L), and high
temperature (>15°C) for each life stage. White bars indicate present vulnerability and colored
bars indicate future vulnerability. The horizontal blue and orange lines indicate present and
future “chronic” annual population-level vulnerabilities (Fig. 1.7), respectively. Seasons are
Winter (JFM = Jan-Mar), Spring (AMJ = Apr-Jun), Summer (JAS = Jul-Sep), and Fall (OND =
Oct-Dec). For zoea and megalopa stages, estimates from the map distribution method (d) and
larval transport model with intermediate behavior (t) are shown. Bars are omitted in seasons
when a particular life stage is absent.
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Figure 1.7 Mean (± 95% confidence interval) annual population-level vulnerability to low pH
(<7.65), low DO (<1.4 mL/L), and high temperature (>15°C) under present (blue) and future
(orange) conditions. Population vulnerability scores were calculated as the weighted mean of the
stage vulnerability scores, using life stage weights from a population matrix model (visualized in
the pie chart; Table 1.2; Hodgson et al. 2016). Asterisks (*) above bars represent the upper
bound to population vulnerability calculated from the maximum seasonal vulnerability scores for
each life stage (from Fig. 1.6).
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Figure 1.8 Multi-stressor hotspots for the juvenile and adult habitat and larval habitat in the
summer (Jul-Sep) according to stressor exposure in the present and future estimated using the
distribution map method. The only area where all three stressors overlap (black) is near the
outskirts of the Juan de Fuca eddy (~48.5°N) in the larval habitat under future conditions. See
Fig. A.2 in the supplemental materials for the remaining seasons.
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CHAPTER 2
Temperature dependence of Dungeness crab (Metacarcinus magister) respiration rates and
implications of hypoxia on the Washington shelf

ABSTRACT
Seasonal upwelling in the Northern California Current System leads to the development of
hypoxia, and O2 conditions are expected to worsen as ocean temperatures rise. Hypoxia and
warming can lead to a mismatch between oxygen supply and demand, threatening important
species targeted by the region’s fisheries such as the Dungeness crab (Metacarcinus magister).
Dungeness crab mass mortality events have been observed for adult crabs trapped in fishery pots
during hypoxic events, but species-specific threshold levels and durations have not been
experimentally determined. We tested the hypothesis that increased respiration rates under rising
temperatures will cause adult Dungeness crabs to be more vulnerable to hypoxia using a
temperature-scaling relationship derived from respirometry measurements and a box model of
oxygen consumption in a fishery pot. We found that crab respiration increased between 8 and
15°C and was best represented by an exponential temperature-scaling model. Our box model
results demonstrated that the amount of time it took for crabs trapped in a fishery pot to consume
all of the oxygen in the system was shortened under future temperature and oxygen conditions.
While the durations predicted by the box model were much lower than expected based on
observations of crab mortality, the predicted trends may be informative for fishery managers. For
example, the amount of time crabs can survive trapped in a fishery pot decreased most severely
with decreasing initial O2 concentrations and notably was largely unchanged with increasing
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temperature over a realistic range of values. Therefore, managers may find it useful to monitor
oxygen conditions in order to enforce precautionary measures, such as soak time limits, during
observed hypoxic events.

INTRODUCTION
The Northern California Current System (N-CCS) currently experiences hypoxia (O2 < 2 mg/L)
events during the upwelling season (Apr-Sep; Peterson et al. 2013), and these events are
expected to increase in frequency, intensity, and duration with rising ocean temperatures (Gruber
2011, Feely et al. 2018). Such conditions can cause a mismatch between oxygen supply (reduced
by hypoxia) and oxygen demand (increased by warming), which poses risks for the economically
and culturally important marine resources of the region, including Dungeness crab
(Metacarcinus magister). The Dungeness crab fishery is the most valuable single-species fishery
on the U.S. West Coast with landed values up to $250 million per year (Pacific States Marine
Fisheries Commission 2019). While Dungeness crabs can move out of hypoxic areas (Bernatis et
al. 2007, Froehlich et al. 2014), mass mortality events have been recorded for crabs exposed to
hypoxia within fishery pots (Grantham et al. 2004, Barth et al. 2018). Species-specific hypoxic
threshold levels and durations have not yet been experimentally identified, and it is not known
how the added stress of warming will impact the crab’s vulnerability to hypoxia. This
information is needed to make predictions of how the fishery will respond to future ocean
conditions, which would be especially useful for state and tribal fishery managers.
Respiration rate is commonly used as a proxy for metabolic rate and stress response in studies
examining the vulnerability of marine species to climate change (DiSanto et al. 2016, Gossner
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2018, Schwieterman et al. 2019). A previous study (Prentice & Schneider 1979) measured the
respiration rates of adult Dungeness crabs from Chuckanut Bay, Washington (Fig. 2.1) under a
range of temperatures (7.5-22.5°C) and found crabs acclimated to 7.5°C to be more sensitive to
temperature than those acclimated to 17.5°C. A different study (Brown & Terwilliger 1999)
found a similar effect of temperature (10-20°C) on respiration of adults from Coos Bay, Oregon
(Fig. 2.1). Both of these studies were conducted on crabs from estuaries, which generally
experience greater temperature fluctuations than the shelf. Thus, adult Dungeness crabs from the
outer coast may be even more sensitive to temperature.
As oxyregulators, adult Dungeness crabs can maintain the same respiration rate under declining
oxygen concentrations down to a critical threshold (~2.9 mg/L at 10°C) at which respiration rate
decreases (Johansen et al. 1970). Studies that have investigated cardiovascular (Airriess &
McMahon 1994) and behavioral (Bernatis et al. 2007, McGaw 2008, Froehlich et al. 2014)
responses suggest that these crabs may have some tolerance to acute hypoxia stress. However,
prolonged exposure is expected to have clear negative impacts on crab metabolism and fitness,
as evidenced by the observed mass mortality events (Grantham et al. 2004, Barth et al. 2018).
Here, we tested the hypothesis that adult crab metabolic rates will increase with temperature,
which may increase vulnerability to hypoxia in the future. We quantified the metabolic
temperature-scaling relationship for adult Dungeness crab using closed chamber respirometry.
We then used this relationship to predict how long crabs would be able to survive trapped in
fishery pots during hypoxic events under present and future conditions using projections from a
regional ocean model. Our results provide novel empirical data that aid our understanding and
predictive capacity of the effects of changing ocean conditions on the Dungeness crab fishery.
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Fishery managers can use this information to help guide their decision making surrounding soak
time regulation in response to hypoxic events.

METHODS
Respirometry Experiments
Adult male Dungeness crabs were collected during Quinault tribal test fisheries in Grays Harbor,
Washington (Fig. 2.1), and shipped to the University of Connecticut’s Department of Marine
Sciences. Only males were used due to the species’ invasive potential and because males are
targeted by the fishery. Five crabs (carapace width range = 15.9- 17.3 cm), all of which were
typical legal catch size (> 15.9 cm), survived shipments and were held in individual tanks within
a recirculating seawater system (~10°C, 33 ppt salinity, pH 7.8) inside the Rankin seawater
laboratory. Crabs were fed frozen squid every other day and allowed to acclimate to lab
conditions for several weeks prior to experimentation.
Respirometry trials were performed on individual crabs at temperatures ranging from 8 to 16°C.
The order of experimental temperature trials was randomized, and trials were separated by at
least 1 week. The respiration rates of individual crabs were monitored in a clear air-tight
chamber (26.2 × 18.0 × 16.8 cm, 5.3 L) from 100 to 80% air saturation using a pre-calibrated 4channel fiber optic oxygen meter (PreSens Gmbh OXY-4 SMA G3) and corresponding oxygensensitive spots (PreSens Gmbh SP-PSt3-SA). In addition to 2 or 3 chambers with crabs, a blank
(chamber with seawater only) was run during each trial to correct for any background respiration
by microorganisms in the seawater. Trials were conducted in an incubator to maintain relatively
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stable temperatures, and magnetic stir bars/plates were used to ensure that water in the chambers
was well mixed.
All food was removed from holding tanks 48 hours prior to respirometry and crabs were
acclimated to the experimental temperature at least 12 hours prior to a trial. Crabs were also
allowed to acclimatize in the respirometry chambers for ~30 minutes before flushing with fresh
seawater, removing any air or bubbles, and sealing the chamber lid. Immediately following each
trial, crab carapace width, volume, wet mass, and buoyant mass, which approximates carapace
mass (Palmer 1982), were measured. The difference between wet mass and buoyant mass (i.e.,
total mass – carapace mass) was used to calculate the mass of metabolically active crab body
tissues.
Raw respirometry data were processed in R using the respR package (Harianto et al. 2019) to
correct for background respiration and calculate volume-corrected (seawater volume = chamber
volume - crab volume), mass-specific oxygen uptake rates (MO2 = O2 mg/crab body tissue kg/h).
Classic thermal physiology (e.g. Hemmingsen 1950, 1960) and the metabolic theory of ecology
(Brown et al. 2004) predict exponential temperature relationships for respiration (Gillooly et al.
2001), but many species have unimodal performance curves (Angilletta 2006), particularly when
the thermal optimum falls within the range of temperatures evaluated in the experimental trials.
Therefore, we used Akaike information criterion corrected for small sample size (AICc) to
evaluate six common temperature-scaling models for respiration: linear, exponential, lognormal,
quadratic, Gaussian, and Weibull (Angilletta 2006, Lemoine & Burkepile 2012). To account for
repeated measures on individual crabs, the linear and exponential models were also fit with crab
tissue mass as a potential covariate and/or crab ID as a potential covariate or random effect.
Neither the covariates nor inclusion of random effects improved model fit according to
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likelihood ratio tests and were therefore excluded from the AICc model comparison. The
exponential model was used to calculate the Q10 temperature coefficient for crab respiration rate,
which measures the change in respiration rate for a 10°C increase in temperature.
Regional Ocean Model and Impact of Hypoxia Events
The temperature-scaling model was also used to estimate the amount of time crabs could survive
while trapped in a fishery pot during a hypoxic event under present and future (year 2100)
conditions projected by a regional ocean model. Modeled temperature and oxygen conditions
were derived from Regional Ocean Model System (ROMS) simulations for the “Cascadia”
domain (outer coasts of Vancouver Island, Washington, and Oregon, Fig. 2.1; Davis et al. 2014,
Giddings et al. 2014, Siedlecki et al. 2015, 2016, 2020). The three-dimensional model has a high
horizontal resolution (1.5 km at the coast, 4.5 km far offshore) and is forced with realistic
boundary conditions to make hindcast simulations of modern conditions and projections of future
conditions. Future projections are forced by anomalies from modern conditions under the RCP
8.5 carbon emissions scenario (Siedlecki et al. 2020), which predicts atmospheric CO2 of 950
ppm in 2100 (Bopp et al. 2013).
Daily averaged temperature and oxygen were extracted from the present and future model runs at
the locations of the Olympic Coast National Marine Sanctuary (OCNMS) moorings (Fig. 2.1).
Hindcast model conditions for 2007 were compared to observational data from the moorings
using Pearson’s correlation coefficient (r) and Root Mean Square Error (RMSE). Prior model
and cruise observation comparisons revealed a significant cold temperature bias in the upper
ocean (Siedlecki et al. 2020), which was corrected by adding the RMSE (2.79°C, Fig. A.1) to the
modeled temperature values. The percent of the year experiencing hypoxia in the present and
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future was calculated at each mooring location and compared using a three-way ANOVA (site,
depth, time). Characteristics of hypoxic events (number of events, event durations, and
associated oxygen and temperature conditions) were also calculated for a northern (CA042) and
southern (CE042) site in the present and future and compared using a two-way ANOVA (site,
time).
A box model (Fig. 2.2) was used to estimate the amount of time (days) crabs could survive while
trapped in a fishery pot under various scenarios:
((𝑂2𝑓 − 𝑂2𝑖 ) × 𝑉) ⁄ 𝑡𝑖𝑚𝑒 = (𝑓𝑙𝑢𝑠ℎ𝑖𝑛𝑔 × 𝑉) − (𝑀𝑂2 × 𝑛 × 𝑚𝑎𝑠𝑠)

(Eq. 1)

where O2f and O2i are the final and initial oxygen concentrations (mg/L), respectively; V is the
volume of the fishery pot (L); flushing is the background rate of change in O2 (the net effect of
primary production, air-sea gas exchange, divergence, and respiration in the water column and
sediment; mg/L/d), MO2 is the respiration rate at a specified temperature calculated using the
scaling relationship (mg/kg/d), n is the number of crabs trapped in the pot, and mass is the
average crab body tissue mass (kg). The box model assumes that the crabs can maintain the same
rate of respiration under declining oxygen concentrations. Although we know this is not the case
when oxygen concentrations drop below ~2.9 mg/L at 10°C (Johansen et al. 1970), the required
temperature dependence of critical oxygen levels has not yet been experimentally determined for
this species.
We set O2f to 0 mg/L and rearrange Eq. 1 to solve for the amount of time (d) it would take for all
the oxygen in the system to be consumed:
𝑡𝑖𝑚𝑒 = (−𝑂2𝑖 × 𝑉 )⁄((𝑓𝑙𝑢𝑠ℎ𝑖𝑛𝑔 × 𝑉) − (𝑀𝑂2 × 𝑛 × 𝑚𝑎𝑠𝑠)

(Eq. 2)

59

We used 0 mg/L for O2f because we do not know the species-specific critical threshold, though it
is likely greater and temperature-dependent. However, the severe hypoxia threshold for the NCCS of 0.7 mg/L is close to 0 mg/L (Barth et al. 2018). We held V = 310 L (typical volume of
commercial-sized fishery pot; Barber & Cobb 2009) and mass = 0.6 kg (average tissue mass of
experimental crabs) constant and tested the sensitivity of the box model to a realistic range of
O2i, flushing, temperature (via MO2), and crab density (n) values (O2i = 0.5 to 7.5 mg/L, flushing
= -1.5 to 1.5 mg/L/d, temperature = 8 to 15°C, crabs = 3 to 20). Each parameter range was tested
while holding others constant at their average values (O2i = 4 mg/L, flushing = -0.0064 mg/L/d,
temperature = 10°C, crabs = 6). Realistic ranges of O2i, flushing, and temperature were chosen
based on both modeled seasonal trends (Siedlecki et al. 2015) and observed event-scale
(Connolly et al. 2010) budgets for oxygen in the N-CCS during the upwelling season. The
average number of crabs caught in fishery pots during the upwelling season varies by location
with ~6 estimated for the Quinault tribal fishery in Washington (Joe Schumacker, personal
communication, July 1, 2020) and ~20 reported for the commercial fishery in Oregon (Grantham
et al. 2004). We used Eq. 2 to estimate the number of days crabs could survive trapped in a
fishery pot under present/future projected oxygen and temperature conditions for the upwelling
season (Siedlecki et al. 2020) with positive/negative flushing and low/high crab abundance
across 8 different scenarios (see Table 2.1).
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RESULTS
Respiration rates increased from 17.4 ± 2.4 mg/kg/h (mean ± SE) at 8°C to 32.9 ± 4.7 mg/kg/h at
15°C (Q10 = 3.4; Fig. 2.3). This relationship was best described by the exponential model (F1,13 =
18.75, p = 0.0008, Adj. R2 = 0.56; Table 2.2):
𝑀𝑂2 = 15.7 + 4.36 𝑥 10−6 𝑒 𝑇

(Eq. 3)

where T is temperature in °C. Including crab mass as a covariate and/or crab ID as a fixed or
random effect did not explain additional variation in respiration rates (LR tests: all p > 0.9). The
exponential relationship was not significant when the measurements at 15°C were removed (p =
0.5).
Modeled bottom temperature and percent of the upwelling season experiencing hypoxia at the
OCNMS mooring sites compared well to the mooring observations from 2007 (temperature: r =
0.92, RMSE = 1.43°C; percent hypoxia: r = 0.93, RMSE = 5.74%; Fig. 2.4). Regional ocean
model projections indicate that the Washington shelf will experience hypoxic conditions (O 2 < 2
mg/L) 1-9% more per year on average in the future compared to current exposure (time: F1,50 =
30.73, p < 0.0001), with more severe conditions occurring at the deep moorings (depth: F1,50 =
72.36, p < 0.0001) and southern sites (site: F4,50 = 69.79, p < 0.0001; Fig. 2.5). Hypoxic event
characteristics (Table 2.3) were more severe at a southern site (CE042) than a northern site
(CA042) for all characteristics (events: F1,7 = 11.13, p = 0.0125; duration: F1,7 = 10.63, p =
0.0139; average O2: F1,7 = 23.79, p = 0.0018; minimum O2: F1,7 = 360.08, p < 0.0001; maximum
temperature: F1,7 = 9.63, p = 0.0172) with the exception of minimum temperature, which did not
differ between sites (F1,7 = 0.53, p = 0.4883). Compared to hypoxic events in the present, future
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hypoxic events are projected to be accompanied by warmer temperatures (minimum temperature:
F1,7 = 151.14, p < 0.0001; maximum temperature: F1,7 = 37.00, p = 0.0005; Table 2.3).
According to our sensitivity test, the amount of time crabs can survive trapped in a fishery pot
decreases most severely with decreasing initial O2 concentrations and notably remains largely
unchanged with increasing temperature over a realistic range of values (Fig. 2.6). The estimated
amount of time crabs could survive trapped in a fishery pot ranged from 1.39 days under present
oxygen and temperature with positive flushing and low crab abundance to 0.12 days under future
oxygen and temperature with negative flushing and high crab abundance (Table 2.1).

DISCUSSION
Our findings demonstrated that Dungeness crab respiration rates generally increased with
temperature, and this relationship was best explained by an exponential model (Fig. 2.3) as
predicted by metabolic theory (Gillooly et al. 2001). The relationship was largely driven by the
measurements at 15°C and was not significant when those measurements were removed. The
exponential relationship most likely holds above 15°C, as suggested by measurements from prior
studies up to 22.5°C (Prentice & Schneider 1979, Brown & Terwilliger 1999), until a critical
temperature at which respiration would sharply decline (unimodal relationship; Angilletta 2006).
The critical temperature is likely outside of the thermal range presently experienced in the crab’s
natural habitat because prior upper thermal tolerance tests on estuarine adults found that the
lethal temperature was 32°C (Prentice & Schneider 1979). Follow-up studies should, therefore,
include temperatures beyond 22.5°C.
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Our MO2 measurements (17.4-32.9 mg/kg/h) were within the range of measurements from prior
studies on adult Dungeness crabs (~15-80 mg/kg/h; Johansen et al. 1970, Prentice & Schneider
1979, Brown & Terwilliger 1999). However, our estimated Q10 = 3.4 was higher than prior
studies (Q10 ~2.2; Prentice & Schneider 1979, Brown & Terwilliger 1999). It is important to note
that these previous studies measured respiration rates of crabs collected from estuarine
populations, while our experimental crabs were collected from the outer Washington coast.
Environmental conditions are remarkably different between these two habitats: ambient bottom
temperatures are 10°C or less on the outer coast compared to 15°C or greater within the estuaries
(Gutermuth & Armstrong 1989). In other broadly distributed species, local adaptation to
different environmental regimes has been shown to cause spatial differences in thermal tolerance
and physiological plasticity (Pörtner 2001, Fangue et al. 2006, Kuo & Sanford 2009, Lardies et
al. 2011, Gaitán-Espitia et al. 2013, 2014). For example, porcelain and green crab cardiac limits
reflect long-term environmental adaptation to local temperature regimes at different latitudes or
depths (Stillman 2002, Tepolt & Somero 2014). Although our small sample size limits the scope
of our results, local adaptation or developmental plasticity could lead to greater sensitivity of
outer coast populations to temperature than estuarine populations, which regularly experience
water temperatures >15°C (Gutermuth & Armstrong 1989). Future research is needed to
determine if there is evidence of local adaptation/developmental plasticity to temperature or
other environmental conditions in Dungeness crab populations.
Dungeness crab habitat was projected to experience warmer temperatures (Table 2.3) during the
upwelling season under future conditions (year 2100, RCP 8.5), and this increase was projected
to be greater in the southern OCNMS where hypoxic conditions are more severe (Table 2.3).
These conditions may be harmful to the state and tribal fisheries because catch per unit effort
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(CPUE) has been shown to decline under future warming (Magel et al. 2020). Furthermore, NCCS communities have a high risk of negative impacts due to decreased Dungeness crab CPUE
from changing ocean conditions because of their high reliance on the fishery and high social
vulnerability (Magel et al. 2020).
Our box model predicted that the amount of time adult crabs could survive trapped in fishery
pots during low oxygen events will be shortened under future projected oxygen and temperature
conditions (Table 2.1). However, the predicted durations were much lower than expected based
on observed mortality events (Grantham et al. 2004, Barth et al. 2018). For example, a video of
~30 Dungeness crabs trapped in a fishery pot during a severe hypoxic event (with oxygen
concentrations as low as 0.3 mg/L) in 2017 off Newport, Oregon (Fig. 2.1) revealed that the
crabs trapped died after ~5-9 days (https://oregonmarinereserves.com/2017/09/06/hypoxiacentral-coast/; Barth et al. 2018). Our box model did not factor in the ability of Dungeness crabs
to withstand hypoxic conditions for extended periods via specialized physiological controls
(Airriess & McMahon 1994, McGaw 2005), which is likely why our predicted durations were
much shorter than previously observed. Thus, the trends predicted by our box model are more
informative than the predicted durations.
While increasing temperatures were predicted to increase the vulnerability of adult Dungeness
crabs to hypoxia as hypothesized, the survival days for crabs in a pot were affected most severely
by changing initial oxygen concentrations (Fig. 2.6). Based on this information, fishery managers
may find it useful to monitor observed and seasonally forecasted (e.g., J-SCOPE;
http://www.nanoos.org/products/j-scope/) oxygen conditions on the shelf during the upwelling
season. Recent partnerships are expanding the coastal oxygen monitoring capacity in the N-CCS,
including the development of dissolved oxygen sensors that can be deployed on Dungeness crab
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pots by commercial fishers to detect and track the formation of hypoxic zones (Chan et al. 2019).
These data could help guide fishery management decision making. For example, managers could
use these data to set soak time limits in areas experiencing low oxygen to avoid crab mortality
within fishery pots.
Only legal-size Dungeness crab males are fished, but females and sublegal males can also get
trapped in fishery pots (Antonelis et al. 2011) and die under hypoxic conditions. Mortality of
non-catch crabs, especially females, can potentially have a large impact on the population
because vulnerability to hypoxia is largely driven by the adult life stage (see Chapter 1).
Moreover, crab mortality may also occur outside of fishery pots during severe, widespread, or
prolonged hypoxic events, as observed during the 2002 event in Oregon that covered at least 820
km2 of the shelf (Grantham et al. 2004). While adults are capable of traversing large distances
(maximum of 19.8 km during a 4 month period), they generally exhibit restricted movement
patterns (average total movement over the same period = 4.36-5.5 km; Froehlich et al. 2014).
The same tagging study also found that behavioral responses to hypoxia were generally local:
adult crabs moved into shallower depths as hypoxia strengthened but did not exhibit regionalscale movements out of impacted areas. Furthermore, the shoaling of adult Dungeness crabs into
areas where fishing effort is concentrated may enhance the fishing and handling mortality of
legal and non-catch crabs, respectively, threatening the sustainability of the fishery (Froehlich et
al. 2017).
While several studies have investigated single stressor effects on Dungeness crab life stages,
multi-stressor experiments are lacking (Table B.1). Multi-stressor experiments are needed to
identify species-specific stress thresholds and predict how multiple stressors will interact to
shape the vulnerability of Dungeness crab populations to changing ocean conditions. For
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example, measuring the temperature dependence of hypoxia tolerance will likely improve our
ability to accurately model the oxygen demand of adult Dungeness crabs trapped in fishery pots
during low oxygen events. Such measurements can also be used to estimate Dungeness crab
habitat loss under future conditions using a metabolic index (Deutsch et al. 2015, Howard et al.
2020). This information will fill important knowledge gaps and may help managers conserve the
fishery under rapidly changing ocean conditions.
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TABLES
Table 2.1 A summary of the 8 scenarios tested in the box model with parameter values for initial
oxygen (O2i), temperature (T), temporal change in oxygen (flushing), and number of crabs and
the resulting amount of time estimated for all the oxygen in the system to be consumed.

Scenario

Parameter values for O2i, T, flushing, crabs Time (days)

Present, positive flushing, low 4 mg/L, 8°C, 1.5 mg/L/d, 6 crabs
abundance

1.39

Present, negative flushing,
low abundance

4 mg/L, 8°C, -1.5 mg/L/d, 6 crabs

0.68

Present, positive flushing,
high abundance

4 mg/L, 8°C, 1.5 mg/L/d, 20 crabs

0.31

Present, negative flushing,
high abundance

4 mg/L, 8°C, -1.5 mg/L/d, 20 crabs

0.25

Future, positive flushing, low
abundance

2 mg/L, 12°C, 1.5 mg/L/d, 6 crabs

0.65

Future, negative flushing, low
abundance

2 mg/L, 12°C, -1.5 mg/L/d, 6 crabs

0.33

Future, positive flushing, high 2 mg/L, 12°C, 1.5 mg/L/d, 20 crabs
abundance

0.15

Future, negative flushing,
high abundance

0.12

2 mg/L, 12°C, -1.5 mg/L/d, 20 crabs
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Table 2.2 AICc scores for the 6 temperature-scaling models fit to the respiration data.

Model

AICc

Linear

115.2

Exponential 108.1
Lognormal

118.9

Quadratic

111.0

Weibull

122.5

Gaussian

117.7
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Table 2.3 Summary of hypoxic (O2 < 2 mg/L) event characteristics for a northern (CA042) and
southern (CE042) OCNMS mooring site according to present (2002-2004, 2007) and future
(2102-2104) model runs, including mean number of events in a year, mean event duration, mean
and minimum bottom oxygen concentrations, and minimum and maximum bottom temperatures
during events. Values are means (± SE) for n = 4 model runs in the present and n = 3 in the
future.

Present

Future

Mooring

CA042
(North)

CE042
(South)

CA042
(North)

CE042
(South)

Mean # Events

0.5 (±0.5)

7.0 (±1.8)

1.3 (±0.3)

8.0 (±1.0)

Mean Duration (days)

0.6 (±0.4)

8.5 (±2.5)

2.3 (±1.3)

11.3 (±3.2)

Mean O2 (mg/L)

1.69 (±0.00) 1.08 (±0.14) 1.71 (±0.04) 0.88 (±0.11)

Min O2 (mg/L)

1.50

0.01

1.39

0.00

Min T (°C)

7.0

6.7

8.5

8.6

Max T (°C)

10.2

11.7

12.0

13.8
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FIGURES

Figure 2.1 A map of the Cascadia ROMS domain. The OCNMS moorings are marked by the
black points at their shallow (15 m) and deep (27 or 42 m) locations (MB = Makah Bay, CA =
Cape Alava, TH = Teahwhit Head, KL = Kalaloch, CE = Cape Elizabeth).
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Figure 2.2 A schematic of the box model used to estimate the amount of time Dungeness crabs
trapped in a commercial fishing pot could survive under various scenarios, where flushing is the
temporal change in oxygen, MO2 is the oxygen demand of the crabs, mass is the average tissue
mass of the crabs, and V is the volume of the fishery pot.
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Figure 2.3 The volume-corrected, mass-specific respiration rates (MO2) of Dungeness crabs vs.
temperature. The blue line is the selected temperature-scaling model that had the lowest AICc
score (exponential: MO2 = 15.7 + 4.36 × 10-6eT, Adj R2 = 0.56, p = 0.0008). The gray shaded
region represents the 95% confidence interval.
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Figure 2.4 2007 OCNMS mooring observation and model comparisons for bias-corrected
temperature (left) and the percent of the season experiencing hypoxia (O 2 < 2 mg/L, right)
averaged over the upwelling season at the bottom depth of each mooring site where observations
were available. Mooring sites are listed with their respective bottom depths (15 or 42 m).
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Figure 2.5 Mean (±SE) percent of the year each OCNMS mooring site was hypoxic (O 2 < 2
mg/L) at bottom depth according to present (2002-2004 & 2007, blue) and future (2102-2104,
red) model runs. Mooring sites are listed with their respective bottom depths (15, 27, or 42 m).

74

Figure 2.6 Box model sensitivity test for realistic ranges of initial O2 (top left), flushing (top
right), temperature (bottom left), and number of crabs (bottom right) with the remaining
parameters held constant at their average values (O2i = 4 mg/L, flushing = -0.0064 mg/L/d,
temperature = 10°C, n = 6 crabs).
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SUMMARY
Anthropogenic impacts on marine environments ripple across ecological scales, from individual
life stages to populations, ecosystems, and human communities. Understanding these complex
effects requires a diverse set of tools that can be adapted for other species, updated as new
information becomes available, and translated across the disciplines of oceanography, marine
biology, fisheries, and social science. This thesis was focused on using, improving, and
integrating existing tools to assess the vulnerability of Dungeness crab life stages and
populations to changing ocean conditions. Ultimately, the goal of such vulnerability assessments
is to inform conservation and fisheries management.
In Chapter 1, I updated an existing semi-quantitative vulnerability assessment framework to
include larval transport models and seasonal vulnerability scores. Changes in vulnerability were
sensitive to these additions: larval transport model estimates of exposure to stressful conditions
for the pelagic life stages (zoea and megalopa) were less than estimates made from distribution
maps and increases in vulnerability to low oxygen under future conditions were most severe
during the upwelling season for the benthic life stages. These updates can be applied to assess
the vulnerability of other important species that have complex life cycles to environmental
change in seasonally dynamic habitats.
In Chapter 2, I used respirometry measurements to quantify a metabolic temperature-scaling
relationship, which was then included in a box model to predict the survival time of Dungeness
crab adults trapped in fishery pots during hypoxic events in the present and future. While the
predicted survival times were less than expected based on observed mortality events, the
predicted trends from this novel approach may be informative for fishery managers. For
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example, predicted survival times were most sensitive to the initial oxygen conditions. Hence,
managers may find it useful to monitor observed and seasonally forecasted oxygen conditions
and impose soak time limits in impacted areas.
Taken together, these chapters suggest that Dungeness crab life stages and populations will be
negatively impacted by changing ocean conditions and provide guidance as to management
practices that will require re-evaluation to sustain the fishery. The interactive impacts of the
individual stressors (low pH, low oxygen, and high temperature) are not yet known. Mechanistic,
factorial experiments are needed to elucidate these impacts across ontogeny and ecological
contexts. Based on my vulnerability assessment, I suggest that such experiments be performed
with the adult life stage, which is targeted by the fishery and contributes the most to population
growth.
The importance of life stage and seasonality in vulnerability assessment emerged as a central
theme in this thesis. I recommend that state and tribal Dungeness crab fishery managers consider
both in their decision-making. Specifically, modifications to 3-S (size, sex, season) management
to protect adults during the summer months when hypoxic events occur or additional
precautionary measures (e.g., soak time limits) may be necessary to conserve the fishery under
rapidly changing ocean conditions.
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APPENDIX A: Chapter 1
EXPOSURE SCORE METHOD
We further explored our choice of exposure score translation (Fig. 1.4) by first plotting a
histogram of the exposure percentages for each life stage (n=6) in each model run (n=3) under
present and future model forcings.

The percentages appeared evenly distributed around the means (mean ± 95% CI: present =
17.7±7.5, future = 69.3±6.5).
We then compared the vulnerability scores reported in the main text to those calculated from an
alternative method of exposure score translation with bins, where 0-25% exposure was equal to a
score of 1, 25-75% to a score of 2, and 75-100% to a score of 3.
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pH Vulnerability score
reported in the main text
(linear exposure scaling)

pH Vulnerability score
from alternative exposure
score method (bins)

Present

Future

Present

Future

Egg

2.37

4.52

2

4

Zoea

3.02

8.01

3

6

Megalopa

2.04

6.00

2

6

Juvenile 1

1.87

2.91

2

2.33

Juvenile 2

1.87

2.91

2

2.33

Adult

1.87

2.91

2

2.33

Population

1.97

3.27

2

2.33

The alternative method of exposure scoring lead to similar vulnerability scores in the present, but
lower vulnerability scores in the future (compared to linear exposure scaling). This was because
the majority of exposure percentages in the future fell within the 25-75% range and were given a
score of 2. Whereas, exposures between 37.5% and 75% were given scores of 2-3 when using
the linear scoring method from the main text. Therefore, we feel confident in our choice of the
linear scaling method because it better represents the actual distribution of exposures.
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SUPPLEMENTARY TABLES
Table A.1 Consequence score justification tables
pH. (updated from Hodgson et al. 2016)

Stage

Consequence Citations

Justification

Uncertainty

Egg

2 *changed
from 1

Miller et al. 2016

Miller found no impact on
survival but delayed
hatching, however eggs
only exposed to low pH of
7.5 and 7.1 for last 20-30%
of development

2 *changed
from 3

Zoea

3

Christmas 2013,
Descoteaux 2014,
Miller et al. 2016;
P. McElhany,
personal
communication,
August 21, 2019

Descoteaux found a small
1 *changed
impact on survival in their
from 2
low pH 7.4-7.6 experiment
and possibly at intermediate
pH ~7.75

Bednaršek et al.
2020; P. McElhany,
personal
communication,
August 21, 2019

Bednaršek found that
2 *changed
megalopae exposed to steep from 3
gradients of calcite
saturation states in situ had
carapace dissolution and
damage to
mechanoreceptors.

Megalopa

2 *changed
from 3

Christmas also found in a
five day experiment – no
impact on feeding rate or
survival but changes in
movement patterns – low
pH at 7.5. Miller found a
2.5-3 fold decline in
survival of larvae in waters
with pH 7.5 and 7.1
McElhany found effects on
survival and development
rate after long term
exposure to pH 7.2
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McElhany found no pH
effect on survival of wild
caught megalopae
Juvenile 1 1

P. McElhany,
personal
communication,
August 21, 2019

McElhany found no pH
effect on survival or
development rate after long
term exposure

Juvenile 2 1

NA

Juveniles have a second
3
phase after survival through
the first year, we assumed
their sensitivity to pH is
similar to juvenile 1s and
adults with high
uncertainty.

Adult

Hans et al. 2014,
Pane & Barry 2007

Adult Dungeness crabs
show clear ability to buffer
in hypercapnic situations,
as do other crab species

1

Uncertainty

1

2 *changed
from 3

DO.

Stage

Consequence Citations

Justification

Egg

2

Fernandez et al.
2003

There are no studies for the 3
eggs of this species, but
Fernandez found decreased
respiration rates and delayed
hatching under hypoxia in
Cancer setosus eggs

Zoea

3

Miller et al. 2002,
Vargo & Sastry
1977

There are no studies for the
zoeae of this species, but
Miller and Vargo both
found decreased survival
under hypoxia in Cancer
irroratus zoeae

3
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Megalopa 2

Gossner 2018

Gossner found decreased
respiration rates in
megalopae exposed to
hypoxic conditions

Juvenile 1 3

Bancroft 2015

Bancroft found decreased
2
survival in juveniles
exposed to hypoxic
conditions- tested at low DO
of 1 and 2 mL/L

Juvenile 2 3

NA

There are no studies for this
life stage, so consequence
was assumed to be the same
as the juvenile 1 and adult
stages with higher
uncertainty

3

Adult

Barth et al. 2018,
Grantham et al.
2004

There’s strong evidence of
crab mortality during
hypoxic events as reported
by Barth and Grantham

1

3

2

Temperature.

Stage

Consequence Citations

Justification

Uncertainty

Egg

3

Wild 1980

Wild found decreased
hatching success at 17°C

2

Zoea

3

Reed 1969, Sulkin
& McKeen 1989

Reed found that survival
was poor outside of 1013.9°C and Sulkin found
increased mortality in the
terminal stage at 15 and
20°C

1
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Megalopa

2

Juvenile 1 3

Brown &
Terwilliger 1999,
Sulkin et al. 1996

Brown found that
megalopae had increased
respiration rates at 20°C,
while Sulkin found no
impact on survival but
accelerated growth at 18
and 20°C

2

Gutermuth &
Armstrong 1989,
Kondzela & Shirley
1993, Sulkin et al.
1996, Wittmann et
al. 2018

Gutermuth found increased
respiration rates in juvenile
1s at 14 and 18°C.

1

Kondzela found decreased
survival and accelerated
growth at 15°C, and Sulkin
saw the same impacts at 18
and 20°C.
Wittmann found high
mortality at 25 and 30°C
and molt acceleration at 15
and 20°C.

Juvenile 2 2

Gutermuth &
Armstrong 1989

Gutermuth found increased
respiration rates in juvenile
2s between 14 and 18°C

2

Adult

De Wachter &
Wilkens 1996,
Prentice &
Schneider 1979

De Wachter found that
adults no longer displayed
compensatory increases in
heart rate at 18°C, while
Prentice found that
metabolism and survival
were generally insensitive
to temperature

2

2
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Table A.2 Uncertainty score justification tables
Consequence.

Stressor

Life Stage

Uc

Justification

pH

Egg

2

Only one study, eggs exposed to treatment near end of
development

Zoea

1

Multiple studies show negative consequences

Megalopa

2

Only one study in preparation

Juvenile 1

2

Only one study in preparation

Juvenile 2

3

No published studies, assumed same as juvenile 1 and
adult stages

Adult

1

Two studies have both shown strong capabilities of
tolerating low pH

Egg

3

Study on species in related genus

Zoea

3

Studies on species in related genus

Megalopa

2

Only one thesis study

Juvenile 1

2

Only one thesis study

Juvenile 2

3

No published studies, assumed same as juvenile 1 and
adult stages

Adult

1

2 studies both show strong evidence of crab mortality
during hypoxic events

2

Only one study

Zoea

1

Two studies in agreement

Megalopa

2

Two studies with different results

Juvenile 1

1

Multiple studies in agreement

DO

Temperature Egg
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Juvenile 2

2

Only one study

Adult

2

Two studies with different results

Exposure from distribution maps. (from Hodgson et al. 2016)

Life Stage

Ue

Justification

Egg

1

We know where adults are, and eggs are on adults (assuming females are
evenly distributed during brooding)

Zoea

3

Has been minimally studied

Megalopa

3

Has been minimally studied

Juvenile 1

1

We know where adults are, and juveniles are found there

Juvenile 2

1

Adult

1

We know where adults are from fishing

Exposure from larval transport models.

Life Stage Behavior

Ue

Justification

Zoea

Passive

1

Zoeae have been shown to have reduced swimming
capabilities compared to megalopae, low margin of error for
mean exposure of all particles

DVM

2

Some studies suggest that zoeae undergo DVM, low margin
of error for mean exposure of all particles

Intermediate

1

Zoeae have been shown to have reduced swimming
capabilities compared to megalopae, low margin of error for
mean exposure of all particles
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Megalopa

Passive

3

There is strong evidence of megalopae swimming behavior,
low margin of error for mean exposure of all particles.

DVM

1

DVM behavior is most commonly reported for megalopae,
low margin of error for mean exposure of all particles

Intermediate

1

DVM behavior is most commonly reported for megalopae,
low margin of error for mean exposure of all particles
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Table A.3 Population-level uncertainty scores for each stressor and exposure estimation method

Stressor

Distribution Larval transport
map
model with
passive behavior

Larval transport
model with DVM
behavior

Larval transport
model with
intermediate
behavior

pH

1.32

1.31

1.30

1.29

DO

1.38

1.37

1.36

1.35

Temperature 1.36

1.35

1.34

1.34
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SUPPLEMENTARY FIGURES

Figure A.1 Comparison between bottle temperature data from the 2007 cruise detailed in Feely et
al. (2008; y-axis) and the modeled temperature (x-axis) for all depths (top) and the upper 200 m
(bottom) with depth indicated by color. Correlation coefficient (R) and Root Mean Squared Error
(RMSE) are reported. The RMSE for the upper 200 m (2.79 °C) was used to correct the
temperature bias in the present and future model output.
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Figure A.2 Multi-stressor hotspots for the benthic habitat and larval habitat in the winter (JanMar), spring (Apr-Jun), and fall (Oct-Dec) according to stressor exposure in the present and
future estimated using the distribution map method. See Fig. 1.8 in the main text for summer
(Jul-Sep).
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APPENDIX B: Chapter 2
SUPPLEMENTARY TABLES
Table B.1 Summary of Dungeness crab ocean acidification, hypoxia, temperature, and multistressor studies
Citation

Stressor(s)

Effect(s)

(Pane & Barry, 2007)

Life
Stage(s)
Adult

Acidification

(Christmas 2013)

Zoea

Acidification

(Descoteaux 2014)

Zoea

Acidification

(Hans et al. 2014)

Adult

Acidification

(Miller et al. 2016)

Egg, zoea

Acidification

(Airriess &
McMahon 1994)

Adult

Hypoxia

(Bernatis et al. 2007)

Adult

Hypoxia

(McGaw 2008)

Adult

Hypoxia

(Gossner 2018)

Megalopa

Hypoxia and
Acidification

(Bancroft 2015)

Juvenile

Hypoxia and
Temperature

(Prentice &
Schneider 1979)

Adult

Temperature

Neutral (hemolymph pH fully
recovered in 24 hr)
Mixed (increased swimming speed and
turning behavior at decreased pH could
have beneficial or harmful effects in
terms of capturing prey/ avoiding
predation)
Negative (slightly reduced survival at
low pH, but no impact on
mineralization)
Neutral (exhibits sufficient buffering
capacity to acclimate to acid-base
disturbances equivalent to predicted
OA scenarios on a short-term basis)
Negative (delayed hatching; zoea =
delayed development, decreased
survival)
Neutral (cardiovascular adaptations
enhance tolerance to short-term
hypoxia)
Negative (reduced amount of
food/amount of time eating)
Negative (Gastric processes are slowed
during severe hypoxia)
Negative (significant effect of oxygen
on respiration rate, but not pCO2 or the
interaction)
Negative (mortality very sensitive to
DO but less so to T, growth metrics
sensitive to both)
Neutral (metabolism generally
temperature insensitive within its
normal environmental range; warm
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(Wild 1980)

Egg

Temperature

(Shirley et al. 1987)

Egg, zoea

Temperature

(Gutermuth &
Armstrong 1989)

Juvenile

Temperature

(Sulkin & McKeen
1989)

Zoea

Temperature

(Kondzela & Shirley
1993)

Juvenile

Temperature

(De Wachter &
Wilkens 1996)

Adult

Temperature

(Sulkin 1996)

Megalopa,
juvenile

Temperature

(Wittmann et al.
2018)

Juvenile

Temperature

(Reed 1969)

Zoea

Temperature
and Salinity

(Brown &
Terwilliger 1999)

Megalopa,
juvenile,
adult

Temperature
and Salinity

acclimated crabs resisted higher
temperatures than cold acclimated
crabs)
Negative (decreased egg survival and
hatching success at increased
temperature)
Negative (egg mortality 100% at 1°C,
but egg/zoea survival unaffected at 5,
10, and 15°C)
Negative (temperatures above 14°C
result in a more pronounced increase in
metabolic rate with temperature)
Negative (increased mortality at 20°C
with the terminal stage being the most
sensitive)
Negative (survival decreased at higher
temperatures, increased
growth/decreased intermolt period as T
increased up to 15°C)
Negative (crabs no longer display
compensatory increases in heart rate at
18°C and above)
Negative (megalopal survival was not
affected by temperature, but juveniles
showed reduction in growth rate and
high mortality at increased
temperatures)
Negative (0% survival at 25 and 30°C,
molt stage progression accelerated
from 5-15°C but did not accelerate
further at 20°C)
Negative (survival was poor outside of
10-13.9°C and 25-30 ppt. At favorable
temperatures, unfavorable salinities
resulted in complete mortality whereas
favorable salinities at unfavorable
temperatures allowed some survival)
Negative (megalopa oxygen uptake
increased at increased temperature and
decreased salinity; juvenile and adult
not affected by salinity; first instar
juvenile near limit of respiratory and
circulatory capacities)
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(McLean & Todgham Juvenile
2015)

Temperature
and Food
Limitation

(Curtis & McGaw
2012)

Adult

Temperature,
Salinity,
Starvation

(Florey & Kriebel
1974)

Adult

Temperature,
Anoxia

Negative (the ability to maintain stress
tolerance when food is limited comes
as a physiological trade-off to growth.
Food-limited crabs were unable to
increase their metabolic rate to the
same level achieved by well-fed crabs)
Negative (starved crabs were more
likely to expose themselves to
deleterious salinities or temperatures
when food was present)
Neutral (heart rate increased with
temperature, heart rate dropped under
10-20 min anoxia but returned to
normal within 30 min, no ill effects)
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